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Future  active  matrix  liquid  crystal  displays  ( AMLCDs )  require  high 
performance  thin  film  transistors  (  TFTs )  on  glass  substrates  in  order  to  achieve  high 
resolution ,  and  fast  response  time.  In  this  dissertation,  a  novel  technique  to  produce 
large  grained  Si  films  on  insulators  at  relatively  low  temperatures  ( below  600°C  ) 
has  been  developed.  This  method  relies  on  the  use  of  a  single  crystal  Si  wafer  to 
initiate  controlled  nucleation  and  growth  of  crystalline  silicon  films  from  the 
amorphous  phase.  Detailed  materials  characterization  has  been  conducted  to 
understand  the  orientation,  microstructure  ( grain  sizes,  defects,  etc. ),  surface 
roughness,  and  nature  of  the  nucleation  phenomena. 

For  fabrication  of  crystalline  Si  films  on  insulators,  amorphous  Si  was 
deposited  on  a  Si02  /  Si  substrate  using  LPCVD  ( low  pressure  chemical  vapor 


deposition)  at  540**C.  The  thickness  of  a-Si  was  varied  from  300  to  lOOOA.  The 
samples  were  fiimace  annealed  at  temperatures  varying  from  525  to  675  °C.  A  single 
crystal  Si  wafer  was  used  as  a  top  seed  to  induce  crystal  li2ation  from  the  top  surface 
of  the  a-Si  film.  The  seeded  and  unseeded  polycrystalline  Si  films  were  characterized 
using  the  techniques  of  differential  reflectometry,  transmission  electron  microscopy. 
X-ray  diffraction,  atomic  force  microscopy,  and  Hall  measurements. 

The  origin  of  unseeded  crystallization  of  a-Si  film  on  insulators  does  not 
involve  growth  of  pre-existing  microcrystallites,  but  instead  a  random  nucleation  and 
growth  process.  The  preferred  orientation  normal  to  the  surface  of  grains  was  found 
to  be  <1 1 1>  and  the  average  grain  size  as  found  to  be  less  than  0.2nm.  The 
activation  energies  for  nucleation  and  growth  were  determined  to  be  5.6  eV,  and  3.7 
eV,  respectively,  while  the  size  of  the  critical  nucleus  was  estimated  to  be  6. 1-7. 1  A. 

The  top  seeding  technique  produced  very  large  <1 10>  grain  Si  thin  films  on 
insulators  when  armealed  at  low  temperatures  and  substantial  short  times.  The 
transmission  electron  microscopy  analysis  showed  that  the  crystallization  of  the  films 
initiated  from  the  top  surface.  However,  these  films  showed  also  high  density  of  twins 
and  stacking  faults.  The  preferred  orientation  of  the  films  was  found  to  be 
independent  of  the  orientation  of  the  top  seed  crystal.  The  Si  self-ion  implantation 
was  found  to  increase  the  crystallization  temperature.  Hail  mobility  from  these  Si 
films  (258  cm^  /  Vsec)  were  found  to  be  considerably  larger  than  that  of  typical 
polycrystalline  Si  (~  lOcm^A^sec). 


VJ 


CHAPTER  1 
INTRODUCTION 

1-1.  Silicon  On  Insulator  Technology 
Silicon  On  Insulator  (  SOI )  technology  has  been  of  considerable  interest  in 
microelectronics.  As  the  size  of  transistors  become  smaller  and  the  access  time  for 
data  is  required  to  become  faster,  the  need  of  the  SOI  technology  grows  fast  in  the 
silicon  microelectronics  industry  because  of  their  inherent  advantages ,  such  as  low 
leakage  current ,  perfect  isolation,  low  parasitic  capacitance ,  and  high  radiation 
immunity.'  In  SOI  technology,  the  active  Si  layer  on  which  the  devices  are 
fabricated  lies  on  an  insulator  rather  than  on  a  bulk  Si  substrate.  For  best 
functionality,  the  top  active  Si  layer  on  the  insulator  has  to  have  good  crystallinity. 

Recently,  standard  techniques  to  achieve  a  SOI  structure  rely  on  SIMOX 
(Separation  by  Implantation  of  Oxygen )  or  BESOI  ( Bond  and  Etch  back  SOI ) 
techniques  in  the  Si  microelectronic  industry.  The  SIMOX  wafer  is  made  by  oxygen 
implantation  deep  into  a  Si  substrate  followed  by  high  temperature  anneal  in  order  to 
form  a  buried  oxide  layer  imdemeath  of  a  top  Si  layer.    In  case  of  BESOI,  two 
wafers  are  bonded  together  by  a  high  temperature  anneal  after  oxidation  of  the 
surface  of  the  wafer.  ^  Subsequently,  the  bonded  wafers  are  etched  or  polished  to  a 

thin  top  bonded  wafer.  Unfortunately,  these  techniques  utilize  a  single  crystal  Si 

I 
substrate  and  high  armealing  temperatures(  >  1000°C ).  Therefore,  these  techniques 

are  not  suitable  for  LCIX  Liquid  Crystal  Display )  process  in  which  a  low  melting 


temperature  glass  is  used  as  a  substrate.  Another  SOI  technology ,  which  utilizes 
polycrystalline  silicon  thin  films  on  insulators,  is  used  to  make  Ills  ( Thin  Film 
Transistors )  for  LCDs  and  SRAM  (Static  Random  Access  Memory  )/'^ 

The  rapidly  growing  LCD  industry  demands  high  quality  silicon  films  on  a  glass 
substrate.  However,  inexpensive  glass  substrates  have  a  low  glass  transition 
temperature.  In  order  to  avoid  the  degradation  of  a  glass  substrate  during  processing, 
the  process  temperature  should  be  limited  to  below  600  "C.  Therefore,  hydrogenated 
amorphous  silicon  ( a-Si:H )  thin  films  have  been  widely  used  to  create  an  active 
matrix  liquid  crystal  display  (  AMLCD  )  panel.**  Even  though  amorphous  silicon 
films  have  been  successfiilly  implemented  to  make  an  AMLCD  panel ,  the  a-Si:H 
thin  film  has  very  poor  electrical  properties  due  to  an  abundance  of  dangling  bonds. 
For  example,  the  typical  electron  and  hole  mobilities  of  an  a-Si:H  thin  film  transistor 
are  less  than  Icm^/V  sec.^ 

For  fiiture  AMLCD  panels,  there  are  growing  demands,  such  as  higher 
resolution,  faster  charging  times,  and  integration  of  the  driver  circuits  onto  the  same 
glass  substrate  because  they  are  required  for  hi^  definition  displays,  low  cost,  and 
better  reliability.  In  order  to  accomplish  these,  better  quality  substrate  materials  are 
required.  Transistors  made  from  polycrystalline  silicon  thin  films  on  insulators, 
which  are  formed  by  fimiace  anneal,  usually  have  a  carrier  higher  mobility  ( about 
10-50  cm^fV  sec )  due  to  better  ciystallinity  compared  to  a-Si:H  ill.*  However,  the 
mobility  is  still  much  lower  than  that  of  single  crystalline  silicon  (  electron  mobility 
:1500cm^A^sec,  hole  mobility:  450  cm^A^sec  )  because  of  grain  boundaries  and 
various  kinds  of  defects  in  the  polycrystalline  silicon  film.  In  order  to  fabricate  a 


high  performance  transistor,  the  carrier  mobility  and  other  transistor  parameters, 
such  as  low  threshold  voltage,  low  leakage  current,  and  high  gate  oxide  integrity, 
needs  to  be  further  improved. 

One  of  the  prime  reasons  for  the  low  carrier  mobility  in  polycrystalline  and 
amorphous  silicon  is  the  presence  of  large  defects,  such  as  dangling  bonds,  or  grain 
boundaries.  The  typical  grain  sizes  of  tumace  annealed  polycrystalline  Si  are  of  the 
order  of  1  ^m.    Grain  boundaries  substantially  degrade  electrical  properties  in  a 
polycrystalline  silicon  TFTs.'^  The  boundaries  act  electrically  as  extra  charged  states 
and  trapping  sites  which  can  result  in  high  threshold  voltage,  recombination  centers 
which  cause  a  high  leakage  current,  and  scattering  centers  which  degrade  the 
mobility.  In  addition  to  these,  surface  roughness  is  also  affected  by  grain  size.  A 
rough  surface  degrades  the  gate  oxide  integrity  and  surface  mobility  in  a  MOS  TFT 
(Metal  Oxide  Semiconductor  Thin  Film  Transistor ).  Therefore,  a  larger  grain  size 
polycrystalline  silicon  thin  film  can  provide  better  performance  for  thin  film 
transistors.  It  is  the  goal  of  the  present  work  to  provide  large  grain  sized 
polycrystalline  Si  on  an  insulating  substrate. 

1-2.  Synthesis  of  Polycrystalline  Si  film 

Presently,  there  are  two  general  approaches  to  form  polycrystalline  silicon  thin 
films  on  insulators.  One  is  a  direct  deposition  method  in  which  polycrystalline  Si 
films  are  deposited  at  relatively  low  temperatures,  (below  600''C),  with  the  use  of 
disilane  (Si2H5  )  as  a  gas  precursor  in  replacement  of  SiH4  or  plasma  enhanced 


chemical  vapor  deposition  (PECVD  )."''^  In  this  direct  deposition  method ,  the  grain 

sizes  are  very  small  ( ~0.2|im),  which  detracts  from  the  advantage  of  a  low  thermal 

budget.  Also,  the  surface  is  very  rough,  thus  further  hampering  the  properties  of  the 

transistors. 

A  second  method  for  fabrication  of  polycrystalline  Si  films  is  by  crystallization  of 

amorphous  Si  films  deposited  at  low  temperature  by  CVD  methods  as  outlined 

earlier.  The  crystallization  is  conducted  by  fiimace  heating,  RTA  (Rapid  Thermal 

Annealing),  or  pulsed  laser  annealing  etc.  Generally,  these  techniques  provide  larger 

grain  sizes  and  better  surface  morphology  compared  to  the  low  temperature  direct 

deposition  technique.'^  Among  them,  conventional  fiimace  annealing  is  the  simplest 

and  most  widely  used  technique.  It  can  provide  grains  having  sizes  of  l~2^m  by 

applying  long  time  ( about  1  day )  annealing  at  550-600  °C.  The  small  grain  size  and 

substantial  number  of  defects  lead  to  poor  electrical  properties.  Further,  the  long 

processing  times  are  not  acceptable  with  respect  to  throughput  and  thermal  budget. 

There  have  been  other  attempts  to  increase  the  grain  size  utilizing  Si  self-  ion 

implantation  into  the  (teposited  amoiphous  Si  film  on  insulator.  This  method  can 

! 
increase  the  grain  size  by  suppressing  the  nucleation  rate  of  Si  crystallites  in  the 

film.  Unfortunately,  the  technique  increases  the  crystallization  temperature  and 

process  time  significantly.  Another  technique,  RTA  (Rapid  Thermal  Annealing ),  can 

shorten  the  processing  time  and  reduces  defects  because  of  the  high  temperatures 

used.'''  However,  the  grain  size  is  very  small  (  <  O.Sjim)  due  to  very  rapid 

crystallization  at  high  temperatures.  In  contrast  to  fiimace  and  rapid  thermal 

annealing,  the  silicon  film  is  melted  for  a  very  short  time  by  laser  annealing.  This 


technique  also  provides  a  low  thermal  budget  and  low  defect  density  inside  the  grains 
due  to  melting  and  rapid  regrowth.  Such  rapid  solidification  results  in  very  fine  grains 
in  the  range  of  0. 1~  0.2\im.^^  However,  the  low  defect  density  inside  the  grains  have 
led  to  give  rise  to  high  carrier  mobilities  ( 100-  300cm  ^  /  V-  sec  ).'^  Despite  the 
large  mobilities  produced  by  this  method,  there  are  several  disadvantages.  The 
formation  of  very  small  grains  gives  rise  to  surface  nonuniformity  wdiich  leads  to  non- 
uniform oxide  growth.  In  addition,  uniformity  in  processing  is  difficult  due  to  small 
size  of  the  laser  beam. 

1-3.  Present  Approach 
In  order  to  fabricate  very  large  grain  sized  polyciystalline  Si  thin  films  on 
insulators  at  low  temperatures  and  with  short  processing  times,  we  have  investigated 
a  novel  technique  in  this  study.  This  technique  is  based  on  the  application  of  a 
surface  seed  to  induce  crystallographic  orientation  in  thin  amorphous  films.  The 
application  of  a  surface  seed  leads  to  oriented  growth  of  the  silicon  film  resulting  in 

the  formation  of  large  grains.  Grain  sizes  greater  than  10  urn  and  low  angle  grain 

I 
boundaries  have  been  obtained.  Studies  to  understand  the  nature  of  the  growth 

process  have  been  investigated  in  this  dissertation.  In  addition,  a  new  analysis 

technique  for  characterizing  the  Si  crystallization  utilizing  differential  reflectometry 

will  be  discussed. 


CHAPTER  2 
REVIEW 

The  formation  of  polycrystalline  Si  films  on  insulators  is  controlled  by  nucleation 

and  grain  growth  processes.  If  there  are  seeds  available  for  epitaxial  growth,  then 

solid  phase  epitaxial  growth  process  is  important  in  controlling  the  microstnicture. 

This  chapter  reviews  the  literature  for  nucleation  and  growth  mechanisms  as  well  as 

crystallization  methods. 


2. 1  Solid  Phase  Random  Nucleation  and  Growth  in 
a-  Si/c-SiPhase  Transformations 

Solid  phase  crystallization  of  Si  firom  amorphous  phases  on  insulators  has  been 

investigated  intensively  for  many  years.  ""^'  Generally,  the  kinetics  of  solid  phase 

crystallization  of  Si  has  been  treated  and  explained  by  classical  nucleation  and 

growth  theory.  When  amorphous  Si  thin  films  on  insulators  are  heated  to  a  certain 

temperature,  the  amorphous  Si  is  crystallized  through  a  nucleation  and  growth 

process.  In  this  process,  small  silicon  microcrystals  are  formed  and  grow  with  time  in 

the  amorphous  Si .  In  this  section,  the  classical  theory  of  solid  phase  nucleation  and 

growth  in  amorphous  Si  will  be  reviewed.  Also,  the  thermodynamic  parameters  of 

nucleation  and  growth  will  be  discussed. 


2-1-1.  Thennodvnamic  Parameters  in  a-Si  /c-Si  Phase  Transformations 

The  crystallization  of  amorphous  Si  layers  on  insulators  occurs  through  a 

nucleation  and  growth  process.^^  This  phenomena  has  been  explained  by  the 

classical  nucleation  and  growth  theory. '^'^^  According  to  classical  theory,  the 

nucleation  of  a  microcrystal  occurs  because  this  process  reduces  the  total  free  energy 

of  the  system.  The  Gibbs  free  energy  change  for  this  nucleation  process ,  AGn ,  is 

determined  by  the  difference  in  volume  free  energy  change  for  atoms  in  the 

crystalline  phase  relative  to  that  of  the  amorphous  phase  and  the  amount  of  interface 

energy  which  is  generated  by  the  a-Si  /  c-Si  interface  ,if  the  strain  energy  is  small 

enough  to  be  neglected. 

AG^  =  AGv^-V+ yS^  (1) 

where  AGv  is  the  free  energy  difference  per  unit  volume  due  to  the  phase 

transformation,  V  is  the  volume  of  an  n-mer  of  the  nucleating  crystalline  phase ,  y  is 

the  interfacial  free  energy  between  the  crystalline  and  amorphous  phase.  Sac  is  the 

surface  area  of  the  nucleated  crystalline  phase.  In  order  to  understand  this,  it  is  quite 

important  to  determine  the  thermodynamic  data  of  crystallizatioa 

Donovan  et  al.  ^^  has  measured  the  heat  of  crystallization  of  a-Si ,  to  be  AHac  = 

1 1.9  +  0.7  KJ/mol ,  utilizing  differential  scanning  calorimetry  in  ion  implanted 

amorphous  Si.  In  order  to  calculate  the  Gibbs  free  energy  for  the  a-Si  /c-Si  phase 

transformation,  the  values  of  entropy  and  heat  capacity  are  required.  The  AGac  is 

calculated  from  the  formula  as  shown  below: 

T 
AH.c=AHae(T,)  +  lACpdT  (2) 

T, 


where  AHa^  is  the  enthalpy  of  crystallization  ,and  ACp  is  difTerences  of  heat  capacity 
between  a-Si  and  c-Si . 

T 

AS«,  =  AS°ae+  J(ACp/T)dT  (3) 

0 

where  ASac  is  the  entropy  of  crystallization,  and  T  is  the  temperature  of 

crystallization. 

AGac  =  AHac-T-ASae  (4) 

where  AGgc  is  Gibbs  free  energy  for  the  a-Si  /c-Si  phase  transformation. 

Spaepen  ^'  calculated  AS''ac=  0.2  R ,  where  R  is  ideal  gas  constant ,  from  the 

excess  configurational  entropy  of  the  ideal  four  coordinated  random  network  of  Si . 

In  Fig.  1  ,  an  estimate  of  the  Gibbs  free  energy  of  amorphous  Si  relative  to  crystalline 

Si  is  shown.  In  this  figure,  the  difference  of  heat  capacity  ( ACp )  between  a-Si  and  c- 

Si  is  assumed  to  be  ACp=  0 ,  or  ACp  =  -0.024  +  4.8  (  T  / 1685  )  J  /  mol  K  by  Spaepen. 

1 
According  to  these  calculations  the  melting  temperature  of  amorphous  Si  becomes 

1295°K  for  ACp=  0  ,  or  1420°K  for  ACp=  -0.024  +  4.8  ( T  / 1685  ). 

The  interfacial  energy  between  amorphous  and  crystalline  Si  has  been  investigated 

by  several  researchers.  ^^^*  From  the  a-Si  /(111)  c-Si  interface  building  model, 

Spaepen^^  estimated  the  interfacial  energy  as  310  ergs  /  cm^.  Roorda  et  al.^'  had 

fitted  the  classical  nucleation  theory  to  their  experimental  results  to  find  the 

interfacial  energy,  to  be  430  ergs  /  cm^.  Morgieletal^  used  direct  in-situ  TEM 

measurements  of  nucleus  sizes ,  and  then  inserted  those  data  into  the  formula  of 

classical  nucleation  theory  to  calculate  the  interfacial  energy,  to  be  600  ergs  /  cm^. 


Fig.  1  The  estimated  Gibbs  free  energies  of  amorphous  Si  and  liquid  Si  relative  to 
crystalline  Si  as  a  function  of  temperature  :  line  a(l)  assuming  ACp=0  ,  line  a(2) 
assuming  ACp=  -  0.0224  -  4.8  (  T  /  1685  )  J/mol  K  (  From  (24) ,  Donovan  et  al, 
Appl.  Phys.  Lett.  42  ,p698  ( 1983) ) 
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However,  all  these  values  are  no  direct  measurements  but  instead  estimates  based  on 
the  models  or  theoretical  equations  of  classical  nucleation  theory. 

There  have  been  few  reports  on  the  interfacial  energy  for  various  crystal  lographic 
planes.  These  values  are  particularly  important  for  this  dissertation  because  it 
controls  the  orientation  of  the  growing  crystal.  Based  on  the  values  for  free  silicon 
surfaces,  we  can  only  speculate  about  their  trend  Jaccodine^'  had  measured  the 
(111)  plane  surface  energy  utilizing  a  cleavage  technique,  and  then  estimated  the 
surface  energies  of  the  (1 10)  and  (100)  plane  with  the  value  of  (1 1 1).  These  values 
are  shown  in  Fig.2.  This  figure  shows  that  the  values  correspond  to  2130  ergs  /  cm^, 
1510  ergs  /  cm^  1230  ergs  /  cm^  for  (100),  (110),  and  (1 1 1)  planes  respectively. 
These  numbers  show  that  the  a-Si  /  ( 1 00)  interface  should  possess  the  highest 
interfacial  energy,  while  the  a-Si/(l  1 1)  interface  should  possess  the  lowest  interfacial 
energy 
2-1-2.  Classical  Nucleation  Theory  for  the  a-Si  /c-Si  Phase  Transformations 

Theoretical  formulas  for  the  time  dependent  crystallization  allow  us  to  extract 
kinetic  parameters  and  activation  energies  of  the  crystallization  from  experimentally 
measured  values,  such  as  crystallized  volume  fraction ,  and  nucleation  rate. 
Especially,  it  is  important  to  assess  the  stability  of  an  amorphous  phase  at  a  given 
temperature  and  time,  which  can  be  used  to  control  the  random  nucleation  and 
growth  process  in  amorphous  Si  thin  films  on  insulators.  Therefore,  many 
experimental  and  theoretical  studies  for  crystallization  phenomena  have  been 


11 


2500 


2000 


E 
o 


(A 

0) 


0) 

c 

0) 
O 

CO 


1500  - 


1000 


500 


0 


(100) 


(110) 


( 111 ) 


(h  k  I )  plane 


Fig.2  Experimentally  measured  free  surface  energies  of  planes  of  silicon 
(  Data  from  (29)  J.Jaccodine  ,  J.Electrochem.  Soc.  1 10  ,p524  (1963)) 


12 

conducted  by  a  number  of  researchers."""'^"  Each  of  these  factors  are  dicussedin 

detail. 

2-1-2-1.  Energetics  of  nucleation  in  a-Si  /c-Si  phase  transformation 

The  energy  change  due  to  formation  of  an  n-mer  of  a  nucleating  phase  is  given 

AG„  =  AGvV+  yS  +  AGgV  (5) 

where  AGv  is  the  free  energy  difference  per  unit  volume  due  to  the  phase 

transformation,  V  is  the  volume  of  an  n-mer  of  the  nucleating  phase,  y  is  the 

interfacial  free  energy  between  the  cluster  and  the  parent  phase,  S  is  the  surface  area 

of  the  cluster,  AG^  is  the  strain  energy  per  unit  volume  associated  with  the  formation 

of  the  cluster.  For  simplicity,  we  assumed  that  the  strain  energy  effect  is  very  small  so 

that  it  can  be  ignored.  In  order  to  describe  the  cluster  of  arbitrary  shape  and 

configuration,  the  atomic  volume,  Q,  and  the  shape  factor,  g  (9)  =  (  2  +  cos  9  )  ( 1  - 

cos9  )  /  4,  are  introduced  The  volume  of  an  n-mer  cluster  and  surface  area  can  be 

I 
expressed  by  V=  n-Q  and  S=  g(9)n^n^.  Equation  (5)  can  be  simplified  as  follows: 

AGn  =  AGv-n-n  +  Y-g(9)-Q^-n^  (6) 

When  the  first  derivative  of  (6)  equals  zero,  the  cluster  reaches  the  critical  size 

which  can  be  a  nuclei.  From  this,  we  can  derive  the  critical  free  energy,  AG*k ,  and 

the  number  of  atoms  in  the  critical  cluster,  k  . 

k=  -  (8/27).{l/n>[  Y.g(9)  /  AGv  f  (7) 

AG*k  =  -l/2kQAGv  (8) 
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2-1-2-2.  Kinetics  of  nucleation 

The  following  derivation  of  the  nucleation  rate  and  the  incubation  time  is  based  on 
the  work  done  by  many  researchers. '^''  The  nucleation  rate  can  be  derived  by 
taking  considering  the  likelihood  of  growth  and  decomposition  of  aH  sizes  of  clusters. 
Frenkel    suggested  the  flux  of  clusters  in  size  space  as  follows: 

where  C„  and  Cn+i  are  the  numbers  of  clusters  of  size  n  and  n+1  per  unit  volume,  p„ 
is  the  frequency  with  which  the  n-mer  is  promoted  to  an  n+l-mer,  and  a„+,  is  the 
frequency  with  which  an  n+l-mer  decomposes  to  an  n-mer.  Frenkel  applied  the 
detailed  balancing  that  the  net  flux  between  any  two  size  classes  at  equilibrium  is 
zero. 

Pn-C^'n  -  a„+rCVi  =0  (10) 

where  C\ ,  C°„+i  correspond  to  the  metastable  equilibrium  concentration. 
From  eqn.  (  10 )  one  obtains 

a^i  =  PnC^n/CVi  (11) 

After  substituting  eqn.(  1 1 )  in  eqiL(  9 )  and  replacing  the  difference  equation 
by  a  differential,  eqn.(  9  )  becomes  I 

Jn  =  -P„C°„[a((VC*'J/an]  (12) 

In  order  to  obtain  a  differential  that  describe  the  time  dependent  nucleation  process, 
the  continuity  is  applied  to  eqn.  (12). 

ac„/at  =  -divj„  =-a(j„)/an 

= d  { p„-c„°[a(c  /  co^  /  at  j)  /  an  (B) 
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For  steady  state  nucleation,  dC^  /  5t  =  0  ,  eqn.(  12  )  is  rearranged  and  then 
integrated  to  obtain  the  steady  state  nucleation  rate,  J^ic . 


00 


f  (dn/p,-Coj=l/n 
1 


Then, 


Jit  —  Z-pi[*C°it 


where  Z  is  the  Zeldovich  factor. 


(14) 


(15) 


Z  =[(-l/27ikBT)-(a^AG°„/an^)] 


m 


(16) 


The  time  dependent  nucleation  rate  was  given  by  Tumbull    as 


J*(t)  =  A-exp(-T/t) 


where  t  is  the  time  and  t  is  an  incubation  time. 


(17) 


The  incubation  time  can  be  derived  by  the  assumption  of  random  walk  in  the 


34 


critical  region.     In  this  apjMToximation,  x,  the  incubation  time,  is  defined  as  the  time 

I 
for  a  cluster  to  move  from  the  subcritical  size,  k  -  6/2,  to  a  supercritical  size,  k+  8/2 

along  the  Gibbs  free  energy  barrier  with  the  random  walk  distance,  6.  The  value  of  8 

is  computed  from  the  Gibbs  free  energy  change  equations  by  setting 


AG\-AG°„  =  kBT 


(18) 


k-n  =  8/2 


(19) 
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Thus, 


8=  [-8kBT/(5^AG°„/an^)k] 


1/2 


(20) 


In  the  random  walk  theory,  the  time  which  is  necessary  for  a  particle  to  displace  the 
distance,  6,  in  one  dimension  is  given  by 


Therefore,  the  incubation  time,  x,  can  be  expressed  as  follows: 


(21) 


t  =  -8kBT/[Pk(a'AG*„/an')k]  (22) 

2-1-2-3.  Crystalline  volume  fraction 

Generally,  the  time  dependence  of  the  crystallite  fraction  can  be  expressed  by 
Avrami's  equation.^*^^ 

X=  1-  exp[-(t-T)/te]'^'  (23) 

where  x  is  an  incubation  time,  tc  is  a  characteristic  time ,  m  is  a  dimension  of 
the  growth  mode. 

For  example,  in  two  dimensional  growth  ( m=2  ),  the  crystallized  volume  fraction  is 
expressed  by 


»    '.  ^ 


s     .  xl/3  i3 


X=  l-exp[-(t-x)/(3/7i-v„rd)"^] 


(24) 


where  Vg  is  growth  rate,  J*  is  the  steady  state  nucleation  rate,  and  d  is  the  fihn 
thickness.  Therefore,  we  can  extract  the  uimieasured  kinetic  parameters  by  fitting  the 
measured  crystalline  volume  fraction  and  the  measured  parameters  into  eqn.  (24). 
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2-1-3  Origin  of  Crystallization  in  Amorphous  Si  Thin  Films  on  Insulators 
There  have  been  many  studies  about  the  mechanism  of  the  crystallization  of  a-Si 
thin  films  on  insulator/^^^  Specifically,  there  has  been  some  controversy  about  the 
origin  of  the  crystallization.  By  now,  there  are  two  conflicting  models  to  explain  the 
solid  phase  crystallization  of  a-Si.  One  of  the  models  is  based  on  the  existence  of  a 
pre-existing  microcrystals  in  the  amorphous  Si.  The  other  model  is  based  on  the 
nucleation  and  growth  of  crystalline  Si  through  atomic  arrangement  in  the 
amorphous  Si  phase. 

Saito  et  al.*'  found  microcrystals  in  as-deposited  amorphous  Si  thin  films  on  a  Si 
substrate  utilizing  a  high  resolution  TEM.  Hayashi  et  al.  **  suggested  that 

crystallization  might  occur  by  the  growth  of  pre-existing  microcrystals  based  on 

I 
their  TEM  observations  of  the  crystallization  process.  Bisaro  et  al.*'  found  that  the 

initial  crystallization  occurs  ft^om  the  interface  between  amorphous  Si  thin  films  and 

the  quartz  substrate  utilizing  Raman  scattering  measurements  taken  on  the  fi^ont  and 

back  side  of  the  substrate.  They  proposed  that  the  crystallization  conmiences  fi-om 

submicrocrystals  at  the  interface  between  the  amorphous  Si  thin  films  and  the 

insulator.''  However,  the  model  involving  pre-existing  microcrystal  has  some 

difficulty  to  explain  the  incubation  time  of  the  crystallization.  If  the  crystallization 

I 
resulted  fi^om  the  growth  of  the  pre-existing  microcrystals,  no  time  delay  for 

crystallization  is  expected  because  there  is  no  energy  barrier. 

TEM  had  been  used  by  several  researchers*^"^  to  directly  observe  the  initial 

nucleation  sites  in  amorphous  Si  thin  films  on  insulators.  Adachi  et  al."^  showed  that 
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the  nucleation  initiated  at  the  interface  between  the  a-Si  film  and  substrate  with  TEM 
cross  sectional  observations.  In  Morgiel's  in-situ  HRTEM  observations,  initial 

nucleation  occurred  at  the  interface  between  a-Si  and  Si02  *^  They  also  found  pre- 

I 
existing  microcrysts  at  tiie  interface.  However,  according  to  their  report,  the  pre- 
existing microcrystals  did  not  grow  during  annealing,  instead,  randomly  nucleated 
grains  grew.  Generally,  it  is  well  recognized  that  the  initial  nucleation  occurs  at  the 
interface  between  a-Si  and  the  insulating  substrate.  In  order  to  explain  this 
phenomenon,  relaxation  meclranism  was  suggested  by  Adachi  et  al.  and  Bisaro  et 
al..  '     The  difference  in  thermal  coefficients  leads  to  release  of  tensile  stress  at  the 
interface  between  the  films  and  the  substrate.  On  the  other  hand,  there  have  been 
fiirther  work  that  supports  the  pre-existing  microcrystal  growth  mechanism. 
Wu  et  al.      has  reported  that  Si  self-ion  implantation  could  suppress  the  nucleation. 

Two  models  have  been  suggested  for  this  supfvession  of  the  nucleation.in  implanted 

I 

Si  thin  films  on  insulators.  The  first  model  is  based  on  that  oxygen  atoms  recoiling 
from  the  underlying  silicon  dioxide  can  hamper  the  nucleation.''^  In  the  other 
model,  the  presence  of  the  pre-existing  microcrystal  at  the  interface  can  be  destroyed 
by  ion  implantation.^^  Although  several  models  have  been  suggested,  these  seem  to 
be  no  definitive  work  which  can  explain  the  nucleation  and  crystallization  of 
amorphous  silicon. 

As  we  reviewed,  the  solid  phase  crystallization  of  a-Si  thin  films  on  insulators  has 
been  thought  of  as  the  phase  transformation  from  a  metastable  amor^^us  phase  to  a 
stable  crystalline  phase  in  order  to  minimize  the  Gibbs  fi^ee  energy  during  annealing. 
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In  order  to  analyze  the  kinetics  of  crystalIi2ation  the  thermodynamic  data  related  to 
the  crystallization  are  necessary.  Therefore,  the  Gibbs  free  energy  for  the 
crystallization  has  been  determined  based  on  the  direct  measurement  of  the  heat  of 
crystallization,  the  calculation  of  entropy  from  the  atomic  model  of  Si  network,  and 
the  assumption  of  the  difference  of  heat  capacities.  The  interfacial  energy  of  a-Si/c- 
Si  could  not  be  measured  directly.  It  has  been  determined  by  indirect  methods,  such 
as  a-Si/c-Si  interface  building  model,  fitting  the  classical  nucleation  theory  formula 
into  the  measured  data,  and  measuring  the  nucleus  sizes  utilizing  TEM  Therefore, 
there  are  large  differences  among  the  estimated  values  of  the  interfacial  energy. 

In  addition  to  that,  the  basic  formula  of  the  classical  nucleation  theory  has  been 
reviewed  in  order  to  use  those  formula  to  extract  kinetic  parameters  and  activation 
energies  of  the  crystallization  from  experimental  data  later.  Our  analysis  on  the  solid 
phase  crystallization  will  be  based  on  this  reviewed  classical  nucleation  theory. 

There  are  two  conflicting  models,  which  are  the  pre-existing  microcrystal  model 
and  the  growing  of  the  nucleated  Si  crystal,  to  explain  the  crystallization  of  a-Si. 

Therefore,  those  thermodymunic  data  and  the  kinetic  data,  which  will  be  acquired  by 

I 
applying  the  formula  of  the  classical  nucleation  theory,  will  be  intensively  used  to 

clarify  the  origin  of  crystallization  in  a-Si  thin  films  on  insulator . 

2-2.  Solid  Phase  Growth  of  Crystalline  Si  in  Amorphous  Si 

2-2-1. Solid  Phase  Growth  Rate 

Solid  phase  growth  of  crystalline  Si  from  amorphous  Si  have  been  studied  by 

many  researchers.         Particularly,  the  epitaxial  regrowth  of  crystalline  Si  layers  was 
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Fig.3  Solid  phase  epitaxial  regrowth  rate  for  implanted  amorphous  Si  at  573.5°  C 
(  Data  from  (56) ,  L.Csepregi  et  al ,  J.Appl.  Phys.  49,p3906  (1978) ) 
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investigated  intensively  in  1970's  and  1980's  because  ion  implantation  of  a  dopant 
into  a  Si  substrate  produces  amorphous  Si  layers  near  the  surface.  The  ion  implanted 
amorphous  layer  can  be  recrystallized  by  low  temperature  annealing.  Csepregi  et  al  ^' 
had  studied  the  crystallographic  dependency  of  the  epitaxial  regrowth  rate  of 
amorphous  Si  on  Si  substrates.  The  results  are  shown  in  Fig.3.  The  regrowth  rate  in 
the  <100>  direction  is  the  fastest  followed  by  <1 10>  and  then  by  <1 1 1>.  According 
to  their  research,  the  activation  energy  for  the  epitaxial  regrowth  is  2.35  eV.  Csepregi 
et  al.    •    reported  about  the  effects  of  impurities  on  the  epitaxial  regrowth.  In  their 
research,  electrically  active  dopants,  such  as  As,  B,  and  P,  increase  the  regrowth  rate 
by  a  factors  of  6-20.^  On  the  other  hand,  inactive  impurities,  such  as  O,  C,  N,  and 
noble  gases,  retard  the  growth  rate  significantly.^* 

In  order  to  explain  the  orientation  dependency  and  impurity  effects ,  several 
models  have  been  si^ested.^^'  Csepregi  et  al.^  have  proposed  that,  as  geometrical 
criteria  for  recrystallizaion  at  the  interface  between  a-Si  and  c-Si ,  Si  atoms  can  be 
transferred  from  a-Si  to  c-Si  at  positions  where  at  least  two  nearest  neighboring  atoms 
are  already  in  crystalline  Si  positions.  According  to  that  model,  (1 1 1)  can  not  grow     . 
epitaxially.  Therefore,  in  the  (1 1 1)  plane  nucleation  and  growth  of  twins  is  necessary 
for  the  epitaxial  regrowth.  However,  this  model  cannot  explain  the  regrowth  in  the 
(110)  plane. 

Spaepen  et  al  *'  proposed  an  atomistic  model  of  amorphous  /  crystalline  interface  in 
the  diamond  structure.  It  was  demonstrated  that  the  interface  can  be  constructed 
without  any  broken  bond.  In  the  model,  the  crystalline  phase  is  made  of  six  fold  rings. 
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and  the  amorphous  phase  is  made  of  mixtures  of  five  fold  to  ei^t  fold  rings. 

Therefore,  the  crystalliaation  process  at  the  interface  is  breaking  the  bonds  of  rings  in 

the  amorphous  phase  and  rearranging  the  bonds  to  the  sixfold  ring  of  the  crystalline 

phase. 

The  broken  bonds  need  to  propagate  through  ledges  to  rearrange.  The  orientation 

dependency  is  explained  by  the  concentration  of  ledges  in  a  growing  plane. 

Another  model  was  suggested  by  Drosd  et  al.^'  In  Drosd's  model,  the  criteria  for 
the  a-Si  /  c-Si  interface  migration  is  that  the  atoms  in  a-Si  must  make  at  least  two 
undistorted  bonds  with  the  c-Si.  For  example,  the  (100)  plane  needs  a  single  atom  to 
satisfy  the  criteria.  On  the  other  hand,  the  ( 1 1 1 )  plane  needs  three  atoms.  Therefore, 
the  (100)  grows  fastest,  and  the  (1 1 1)  slowest.  Also,  the  effect  of  micro  twins  on  a 
(111)  plane  regrowth  was  explained  by  this  model.  If  there  is  a  twin  boundary  on 
(111),  only  two  atoms  are  required  to  grow  instead  of  three  atoms,  and  the  regrowth 
rate  is  accelerated  compared  to  that  of  the  original  (111)  plane. 

Washburn  et  al.    proposed  that  the  epitaxial  regrowth  occurs  by  nucleation  and 
growth  of  disc-  shaped  growth  steps  on  a-Si  /c-Si  interface.  The  orientation 
dependency  is  explained  by  an  increase  in  the  surface  energy  due  to  the  disc-  shaped 
growth  step.  For  example,  the  increase  of  the  surface  energy  is  the  largest  in  the  (1 1 1) 
plane.  Therefore,  the  growth  rate  of  the  (1 1 1)  plane  becomes  the  slowest. 

Among  the  proposed  models,  the  Spaepen's  model  seems  to  be  the  most  plausible 
because  this  is  the  only  model  that  can  explain  constant  activation  energy  for  various 
recrystallization  directions.  In  case  of  Spaepen's  model,  the  activation  energy  of 
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regrowth  is  related  to  the  breaking  of  bonds  and  the  rearranging  of  bonds.  On  the 
other  hand,  in  another  model,  the  activation  energy  is  different  for  different 
directions.  For  example,  in  Drosd's  model,  the  number  of  atoms  which  is  needed  for 
regrowth  are  a  function  of  the  crystallographic  direction.  Thus,  these  models  predicts 
different  activation  energies.  The  different  surface  energies  in  Washburn's  model 
also  lead  to  different  activation  energies  in  various  crystallographic  direction 
2-  2-2.  Grain  Growth  in  Crystallization  of  Amorphous  Si  on  Insulating  substrates 
The  grain  growth  mechanism  in  solid  phase  crystallization  of  amorphous  Si  on 
insulating  substrate  is  the  same  as  that  of  solid  phase  epitaxial  growth.  However,  this 
crystallization  needs  a  nucleation  step  before  the  growth  process  occurs.  Due  to  this 
complication,  an  accurate  measurement  of  the  growth  rate  becomes  very  diflBcuIt. 
Usually,  the  grovklh  rate  is  determined  by  fitting  the  crystallized  volume  and 
nucleation  rate  into  the  Avrami  equation.  '^  Another  method  to  measure  the  growth 
rate  is  a  direct  observation  of  grains  to  grow  with  the  TEM.  '*   The  reported 
activation  energies  for  the  grain  growth,  (2.4-3.3  eV),  are  similar  to  those  for 
epitaxial  regrowth,  (2.4-2.9  eV).'''^ 

Grain  growth  mechanism  have  been  studied  by  several  researches.  ^^^  Nakamura  et 
al.^"  found  that  the  grains  of  (1 10)  surface  plane  have  a  iM^eferential  growth  in  the 
<1 12>  direction  along  twin  boundaries.  It  results  in  the  formation  of  dendrite  shaped 
grains.  Noma  et  al.^'  had  investigated  the  grain  growth  process  for  differently 
oriented  grains.  The  growth  rates  for  the  grains  have  the  same  trend  as  those  of  the 
epitaxial  regrowth  ( v(100)  >v  (110)  >  v(l  1 1)  ).  The  nucleated  grains  are  bounded  by 
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the  slowest  growing  plane,  (111),  during  the  ciystalli2ation  process.  Therefore,  the 
growth  rate  of  grains  is  determined  by  the  rate  of  forming  the  (1 1 1)  plane.  As  it  is 
mentioned  in  previous  reviews  of  epitaxial  growth ,  the  (1 1 1)  plane  is  difficult  to 
grow  due  to  more  incorporated  atoms  for  migration  of  the  a-Si  /  c-Si  interface 
compared  to  other  planes.  In  ( 1 1 1 )  growth,  microtwins  are  formed  on  the  interface  to 
enhance  the  growth.  An  end  point  of  twin  plane  provides  atomic  steps  as  nucleation 
sites  for  the  growth.  ^^ 

According  to  Noma's  model,  the  shapes  of  variously  oriented  grains  are  decided  by 
a  location  of  (1 1 1)  twin  planes  with  respect  to  film  surface.  For  example,  the  <1 10> 
oriented  surface  grains  have  a  preferential  growth  in  the  <21 1>  direction  and  branch 
in  other  coplanar  <21 1>  directions.  This  results  in  a  dendrite  shape.  On  the  other 
hand,  when  (111)  twin  planes  are  parallel  to  the  fihn  surface  in  <1 1 1> oriented 
grains,  the  shapes  become  disc  type.^'  Based  on  the  work  by  others,  we  know  that 
the  randomly  nucleated  grains  usually  form  microtwins  during  the  grain  growth. 

From  reviews  in  this  section,  it  is  known  that  the  mechanism  and  the  trend  of  solid 
phase  growlh  of  crystalline  Si  particle  in  a-Si  thin  films  on  insulator  is  the  same  as 
those  of  the  epitaxial  growth .  The  order  of  the  growth  rate  among  different  planes  is 
given  by  v(100)  >  v(l  10)  >  v(l  11).  The  Spaepen's  model  may  be  the  most  plausible 
model  to  explain  the  constant  activation  energy  for  various  planes.  Usually,  the 
dendrite  shaped  grains  and  micro  twins  are  observed  in  the  crystallized  Si  thin  films 
on  insulators  according  to  TEM  observations. 
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2-3.  Crystallization  Techniques 

Recently,  Si  thin  fihn  transistors  ( TFTs  )  have  attracted  attention  because  of  their 
applications  to  AMLCD  (  Active  Matrix  Liquid  Crystal  Display )  and  SRAM  (  Static 
Random  Access  Memory ) .  Especially,  for  AMLCD,  Si  TFT  should  be  fabricated  at 
low  temperature  because  of  the  softening  point  of  low  cost  glass  substrates  which  is 
around  600°C.  There  have  been  two  general  approaches  to  form  polycrystalline  Si 
thin  films  on  insulator.  The  first  is  a  direct  CVD  deposition  method,  in  which 
polycrystalline  Si  films  are  deposited  below  600°C,  employing  disilane  (  Si2H6 )  as  a 
gas  precursor  instead  of  silane  (  Si  Ht ),  an  ultra  high  vacuum,  a  plasma  ."^ 
Urjfortunately,  in  spite  of  a  low  thermal  budget,  grain  sizes  are  very  small.  Also,  the 
surface  becomes  very  rough.  Consequently,  it  is  difficult  to  expect  good  electrical 
properties  by  this  method 

The  other  method  is  crystallization  of  amorphous  Si  thin  films  deposited  at  low 
temperature  by  using  various  aimealing  techniques,  such  as  fiimace  anneal,  RTA 
(R^id  Thermal  Aimeal ),  and  laser  anneal.^^"'*  Many  crystallization  techniques  are 
known  since  several  decades.  In  order  to  be  compatible  with  glass  substrates  and  to 
achieve  good  electrical  properties ,  such  as  a  high  mobility,  a  low  threshold  voltage, 
and  a  low  leakage  current,  the  technique  should  provide  a  low  thermal  budget,  large 
grain  sizes,  a  flat  surface,  and  a  low  defect  density. 
2-3-1.  Furnace  Anneal 

Furnace  annealing  is  the  simplest  and  the  most  widely  used  technique.  Since 
Brodsky  et  af '  reported  this  method  in  1960,  this  technique  has  been  extensively 
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used.  '     Earlier  studies  focused  on  the  understanding  of  the  kinetics  of 

crystallization  in  relatively  thick  films  with  various  characterizing  methods.  For 

example,  Blum  et  al.^^  has  studied  the  crystallization  time  at  a  range  of  550°C-  700°C 

by  observing  optical  transmission  changes  in  5000  A  thickness  amorphous  Si  films. 

They  found  that  the  activation  energy  for  crystallization  time  is  3.32  eV.  Koster  ^' 

introduced  the  classical  nucleation  and  growth  theory  and  found  activation  energies 

for  nucleation  and  growth,  4.87eV  and  2.9eV,  in  unsuf^rted  amorphous  Si  fihns. 

Although  the  furnace  aimealing  process  has  been  extensively  researched,  the  quality 

of  the  polycrystalline  film  is  not  very  good.  This  process  leads  to  fairly  large  grains 

(1-2  nm)  with  long  time  ( Iday )  annealing  at  550*'C-600*'C  .  The  mobility  of  TFTs 

made  on  polycrystalline  films  with  these  grain  sizes  is  order  of  10  cm^/  V  -sec.  This 

I 
value  is  far  below  compared  to  that  of  single  crystalline.  Also,  a  long  process  time  is 

not  compatible  with  high  throughput  and  a  low  thermal  budget. 

In  order  to  increase  the  grain  sizes.  Si  self-ion  implantation  into  deposited 

amorphous  Si  films  on  insulators  had  been  introduced.  In  the  beginning,  Iverson  et 

al.    used  Si  ion  implantation  to  amorphize  the  as-deposited  polycrystalline  Si  thin 

1 
films  on  insulating  substrates.  Also,  this  method  has  been  used  to  select  surviving 

grains  as  seeds  in  deposited  polycrystalline  Si  thin  films  by  Kung  et  al.  ^*-^^  Noguchi 

et  al.    have  demonstrated  a  grain  size  enhancement  by  Si  implantation.  This  method 

increases  the  grain  sizes  by  suppressing  the  nucleation  of  microcrystalline  Si  in 

amorphous  Si  thin  fihns.     Also  it  can  be  used  to  control  nucleation  sites  by  selective 

I 
ion  implantation.   '     Despite  grain  size  enlargement,  this  technique  increases  the 


26 

crystallization  temperature  and  process  time  significantly.  For  example,  according  to 

Wu  et  al7^,  the  crystallization  time  for  82nm  LPCVD  as-deposited  amorphous  Si  thin 

films  is  5  hours  at  600°C.  The  crystallization  time  increased  fi^om  5  hours  to  24  hours 

when  the  samples  were  implanted  by  Si  ions  ( dose  Ix  lO'^  cm"^  ).  Thus,  this 

technique  is  not  a  commercially  viable  process. 

2-3-2.  Rapid  Thermal  AnneaK  RTP  ) 

The  RTP  process  has  been  developed  as  an  alternative  technique  to  reduce  a 

thermal  budget.   '     This  technique  can  shorten  the  processing  time  and  reduce 

defects  because  of  the  high  temperature  used.  The  RTP  process  uses  the  light  sources, 

such  as  halogen  lamp,  to  heat  the  sample  instantly.  According  to  Voultas  et  al.*^,  the 

average  grain  size  is  less  than  0.5nm  with  900-1000°C  annealing.  The  crystallization 

time  is  less  than  1  minute.  Some  researcher  have  reported  better  electrical  properties 

compared  to  those  of  a  conventional  fiimace  anneal  technique.  *'  In  general,  the 

mobilities  of  RTP  crystallized  Si  film  are  less  than  those  of  the  fiunace  anneal 

! 
because  of  small  grain  sizes  which  occurs  due  to  very  rapid  crystallization  of  the 

films.  Additional  to  that,  there  is  a  great  difficulty  in  achieving  heating  uniformity 

over  large  areas. 

2-3-3.  Laser  Annealing 

Localized  melt-mediated  crystallization  of  deposited  amorphous  Si  thin  fihns  on 

insulator  has  been  performed  for  decades  using  a  variety  of  energy  sources,  such  as 

electron  beams,  strip  heaters,  CW  -Ar  lasers,  and  excimer  lasers. *^'^'  Among  them,  in 

particular  the  excimer  laser  whose  use  has  been  investigated  intensively  because  it 
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heats  up  only  the  top  surface  layers  without  bulk  absorption.*'  Further,  the  excimer 
lasers  possess  a  larger  beam  size  and  a  higher  beam  energy  density,  this  making  it 
possible  to  anneal  large  areas. 

Typical  excimer  lasers  have  wavelength  in  the  ultraviolet  region  [  KrF  ( X  = 
248nm ) ,  XeCl  ( X  =  308nm ) ,  and  ArF  (  >.  =193nm  )  ].  The  energy  density  is  in  a 
range  of  100  mJ/cm^-lJ  /cm^  A  pulse  width  of  the  laser  beam  is  in  a  order  of  25 
nano  sec.  The  short  [wocessing  laser  technique  can  [wovide  a  reasonably  low  thermal 
budget  and  a  low  defect  density  inside  of  grains  due  to  surface  heating  at 
temperatures  above  the  mehing  temperature  for  a  very  short  time.  According  to  Singh 

ft? 

etal.    ,  grain  sizes  become  larger  with  increasing  the  laser  energy  density. 
However,  if  the  energy  density  is  over  the  optimum,  the  grain  sizes  decrease  with 
further  increase  in  laser  density.  ^^  On  the  other  hand,  for  low  energy  densities,  a 
double  layer  structure  which  consist  of  a  top  large  grain  layer  and  a  bottom  fine  grain 
layer  is  formed  during  laser  crystallization  because  only  the  region  near  the  surface  is 
melted  by  a  low  energy  density  laser.*'  A  large  grained  layer  is  formed  on  the  surface 
followed  by  a  fine  grain  layered  under  the  large  grain  regioiL  This  occurs  because  of 
the  explosive  crystallization  process. 

Basically,  the  laser  process  features  veiy  fast  solidification  of  melted  Si.  Such  rapid 
solidification  results  in  very  fine  grains  which  are  less  than  l^im.  Thus,  high 
mobilities  have  been  observed  but  the  sample  is  plagued  by  small  grain  sizes. 
Furthermore,  as  the  microstructure  is  very  sensitive  to  the  energy  density,  it  is  very 
difficult  to  have  good  uniformity  and  reproducibility  in  real  production. 
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2-4.  Nondestructive  Optical  Characterization  Techniques  for  a-Si 
Crystallization 

Optical  properties  of  amorphous  Si  are  quite  different  compared  to  those  of 
crystalline  Si.  For  example,  crystalline  Si  has  three  distinctive  peaks  in  the  reflectivity 
spectrum  due  to  interband  transitions,  such  as  L'3  -^U  (  X  =  225nm ),  X4  ->  X,  (  A.  = 
280nm ),  and  r25->  T  ,5  ( X  =  365nm  ).  Therefore,  their  optical  properties  have  been 
used  to  investigate  the  surface  quality  of  silicon  layers  and  the  degree  of  crystallinity 
in  Si.  Blumetal.    used  optical  absorption  to  find  the  characteristic  time  of 

crystallization  of  a-Si  in  1972.  Dufly  et  al.^  implemented  a  UV  reflectance  method 
for  characterization  of  heteroepitaxial  siHcon  thin  fihns  on  a  sapphire  substrate.  They 
correlated  the  reflectance  data  with  yield  of  SOS  (  Silicon  On  SapjAire )  circuitry  for 
the  production  line.  Harbeke  et  al.'^  characterized  surface  quality  of  SIMOX 
(Separation  by  Implantation  of  Oxygen  )  wafers  by  UV  reflectance  spectroscopy. 
Basically,  in  spite  of  simplicity  and  quick  measurement,  the  reflectance  measurement 
method  has  difficulty  in  separating  individually  affecting  factors  to  the  reflectance  of 
Si,  such  as  crystallinity,  surface  roughness,  surface  contamination,  and  top  oxide 
thickness,  because  the  reflectance  is  very  sensitive  to  all  those  factors. 

Another  tool,  SE  (  Spectroscopic  EUipsometry )  has  been  developed  to  analyze 
crystallinity  of  Si  thin  films.  '''^  Kurmar  et  al.^  showed  that  SE  can  be  used  to 
monitor  volume  fractions  of  crystalline  Si  during  deposition  of  Si  thin  films  as  in-situ 
method.  Vedam  et  al  "^  implemented  SE  to  analyze  the  thickness,  and  the 
compositions  of  Si  implanted  Si  wafers.  They  used  simulation  method  to  interpret 
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the  SE  data  with  the  Bruggeman  effective  medium  ^)proximation  method,  which  is 
an  approximation  that  the  effective  complex  dielectric  function,  s  (=  Si  +  ie2 ),  of  a 
composited  layer  consisted  of  two  randomly  distributed  constituents  ( Xa  +  Xb  =  1  ) 
can  be  given  by 

0  =  Xa[(6.-s)/(e.  +  2£)]  +  Xb[(eb-s)/eb  +  2e)]  (25) 

M*ere  Xa  and  Xb  are  the  volume  fractions  of  two  constituents  in  the  composited  layer, 
Ea  and  Eb  are  the  dielectric  functions  of  two  constituents,  a  and  b.  As  another 
application,  SE  has  been  used  to  obtain  structural  information  on  amorphous  Si 
which  has  been  partially  crystallized  by  thermal  annealing  (  Suzuki  et  al  '^ ).  They 
also  used  an  effective  medium  a^^oximation  simulation  to  interpret  the  SE  data.  The 
SE  method  needs  a  simulation  to  interi^et  the  SE  data  .This  results  in  considerable 
complexity  in  interjM^etation  of  the  results.  The  dielectric  fVmction  of  Si  thin  film  is 
sensitively  changed  by  crystallinity,  surface  roughness,  surface  contamination.  Si  film 
thickness,  and  top  oxide  thickness.  Therefore  it  is  not  easy  to  analyze  accurately  a 
single  factor  effect  from  SEdata.  | 

On  the  other  hand.  Hummel  et  al.  '*"  have  developed  a  differential  reflectometer 
(DR)  which  measures  the  thickness  of  a  damaged  layer,  for  example  due  to  ion 
implantation  in  single  crystalline  wafers.  This  technique  uses  the  difference  in 
reflectivity  between  two  samples  which  are  placed  side  by  side.  Therefore,  if  the 
reference  sample  is  in  the  same  environment,  the  effect  of  non-essential  conditions 
can  be  minimized. 
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CHAPTERS 
EXPERIMENTAL  PROCEDURE 

3-1.  Sample  Preparation 

This  chapter  reviews  the  experimental  procedure  adopted  in  this  study.  This 
involves  the  deposition  of  amorphous  Si,  crystallization  method,  and  process 
characterization . 
3-1-1.  Deposition  of  Amorphous  Si 

The  structure  of  the  samples  used  for  the  present  investigations  consisted  of  three 
layers,  such  as  a-Si  /  6OOOA  Si02  /  (100)  Si  substrate.  The  silicon  oxide  layers  were 
grown  thermally  on  top  of  a  Si  substiate  up  to  5000  A  in  thickness,  and  then 
additional  1000 A  SiOz  was  deposited  by  LPCVD  (Low  Pressure  Chemical  Vapor 
Deposition ).  The  top  amorphous  Si  layers  were  deposited  by  vertical  type  LPCVD. 
The  deposition  temperature  was  540°C  in  order  to  assure  a  complete  amorphous 
phase  since  the  ti-ansition  temperature  for  a-Si  to  c-Si  in  LPCVD  is  about  600°C.  The 
source  gas  was  SiJli ,  whose  dissociation  reaction  is  pyrolysis.  The  heat  cycle  of  a-Si 
deposition  is  shown  in  Fig  .4  The  starting  temperature  was  450°C.  The  ramping  up 
rate  was  10°C/min ,  and  the  ramping  down  rate  was  3.3°C/min.  The  flowing  rate  of 
SiHt  gas  was  120  cc/cm^  The  deposition  rate  was  20A  /  min  at  540°C.  Different 
thickness  of  a-Si  varying  100  to  lOOOA  were  deposited..  Therefore,  the  holding  time 
at  540°C  was  used  to  conti^ol  the  thickness  of  the  a-Si  layers  on  the  Si02  /  Si 
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Fig.4  Heat  cycle  ofdepositionofamoqjhous  Si  thin  films  using  LPCVD 
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substrate.  The  raw  samples  were  kindly  provided  by  the  Samsung  Electronic  Co.  of 

Korea. 

3-1-2.  Solid  phase  crystallization  of  a-Si 

Annealing  for  solid  phase  crystallization  was  performed  in  a  furnace.  An  N2 
atmosphere  was  used  to  prevent  oxidation  of  the  silicon.  The  annealing  temperature 
was  in  the  range  of  525°C  ~  675°C.  To  ensure  that  the  surface  of  silicon  was  clean,  a 
cleaning  procedure  was  adopted  which  is  outlined  below: 

(1)  D.I  (deionized  )  water  rinse  for  30  sec.  ==>  (2)  Soaking  in  H2  SO4  for  Imin.  ==> 
(3)  D.I  water  rinse  =>  (4)  Oxide  etching  with  6:1(  NH,  F )  BOE  ( Buffered  Oxide 
Etchant )  for  lmiiL==>  (5)  D.I  water  rinse  =>  (6)  Drying  by  blowing 
tetrafluoroethane  gas . 

The  cleaning  process  with  H2  SO4  was  used  to  remove  organic  impurities  on  the 
surface.  BOE  was  used  to  remove  native  oxide  and  passivate  the  surface  of  a-Si  layer 
with  Si-H  bonding .  | 

For  unseeded  random  crystallization  of  the  a-Si,  the  annealing  was  done  in  a 
furnace  utilizing  various  temperatures.  In  contrast,  for  "the  top  seeding  induced 
crystallization",  the  seeds  were  brought  in  contact  with  top  of  the  a-Si  layer  right 
after  cleaning,  this  is  done  within  1  minute  before  the  annealing.  It  is  known  that  the 
thickness  of  native  oxide  is  time  dependent  after  etching  at  room  temperature.  The 
schematic  diagram  of  "the  top  seeding  procedure"  is  shown  in  Fig.5.  The  top  seeds 
consisted  of  single  crystalline  Si  wafers  with  specific  crystallographic  planes  and 
controlled  surface  roughnesses.  They  were  also  cleaned  utilizing  the  same  cleaning 
procedure  as  for  the  samples  before  they  were  put  on  the  a-Si.  The  seed  wafer  was 
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Fig.  5  Schematic  diagrams  of  the  top  seeding  technique  used  in  this  study 
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placed  in  close  intimate  contact  with  the  experimental  wafer  by  a  mechanical  steel 
clamp  during  the  annealing  for  the  crystallization.  After  the  annealing  process,  the 
top  seed  wafer  was  detached  physically  from  the  surface  of  the  crystallized  Si  thin 
films.  In  order  to  control  the  surface  morphology  of  the  top  seeds  before  being  put  on 
the  a-Si,  the  surface  of  the  seeds  were  ground  with  AI2O3  polishing  powder.  In  case  of 
surface  roughened  seeds,  the  seeds  were  annealed  at  12(K)°C  for  2  hours  to  recover 
the  damage  after  the  grinding. 

3-2  .Process  Characterization 
3-2-1  .Differential  Reflectometer 

The  differential  reflectometer  ( DR )  is  an  optical  instrument  whose  results  are 
easy  to  interpret .  The  technique  is  nondestructive,  and  fast.  A  schematic  diagram  of 
the  DR  is  shown  in  Fig.6.  The  DR  measures  the  difference  in  reflectivity  between 
two  samples  which  are  placed  side  by  side  and  sequentially  scanned  by 
monochromatic  light  of  various  wavelengths.  The  schematic  configuration  of 
measuring  the  samples  is  shovm  in  Fig. 7.  The  measured  value  is  AR  /  R  (=  2  ( R,  - 
R2)  /  (Ri  +  R2 )).  The  incident  beam  is  nearly  normal  to  the  surfaces  of  the  samples 
and  is  in  the  spectral  range  between  200~800nm.  The  differential  reflectivity,  AR  /  R, 
is  very  sensitive  to  small  changes  on  the  Si  surface,  especially  changing  of  phases. 
For  example,  the  optical  properties  of  amorphous  Si  are  quite  different  compared  to 
those  of  crystalline  Si  because  crystalline  Si  has  very  distinctive  peaks  of  reflectivity 
due  to  interband  transitions,  such  as  L3 '  =>  L3  (  A,  ==  225nm  ),  X4  =>  X,  (  ;l  = 
280nm),  and  r25  =>  Tis  (  X  =  365nm  ).  The  differential  reflectivity  was  measured 
after  annealing  in  various  conditions  to  determine  the  volume  fraction  of  the 
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Fig.6  Schematic  diagram  of  the  differential  reflectometer 
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crystallized  Si . 

3-2-2.  X-ray  Diffraction 

X-ray  diffraction  ( XRD )  analysis  was  used  to  investigate  the  phase  change  fi-om 

amorphous  to  crystalline  and  the  preferred  orientation  normal  to  surface  of  the 

crystallized  Si  thin  films.  For  XRD  analysis,  a  Philips  Powder  Difiractometer  was 

used .  The  X-ray  generator  settings  were  40kV  and  20mA.  The  normal  incident  X-ray 

I 
beam  was  Cu  Kqi  (  A,  =  1.54060  A ).  The  size  of  measured  samples  is  approximately 

Ix  1  cml  The  range  of  26  was  between  20*~80°.  The  29  of  the  plane  of  crystalline 

Si  was  determined  by  Bragg's  law,  nX  =  2  d  sinO.  The  20  angles  for  intense 

reflection  from  silicon  at  28.442^  47.302°,  56.121°,  69.130°,  and  76.377°, 

correspond  to  the  ( 1 11 ),  (220),  (311),  (400),  and  ( 33 1 )  planes  respectively. 

3-2-3  Transmission  Electron  Microscopy  (TEM) 

In  order  to  study  the  microstructure  of  the  crystallized  Si  thin  films,  plan  view 
TEM  and  cross-sectional  TEM  methods  were  used  TEM  experiments  were 
conducted  utilizing  a  JEOL  200CX  STEM  (  Scanning  Transmission  Electron 
Microscopy  ),  whose  electron  acceleration  voltage  is  200KV. 

The  sample  {reparation  procedure  of  the  plan  view  TEM  was  as  follows: 

(1)  Cutting  the  sample  into  3  mm  diameter  discs. 

(2)  Coating  the  surface  of  the  crystallized  Si  thin  fihns  with  anti-etching  wax . 

(3)  In  order  to  etch  the  samples  from  the  back  side  of  a  Si  substrate  to  the  front,  the 
samples  were  mounted  onto  a  Teflon  cylinder  in  a  way  that  the  surface  of  the  Si  thin 
films  contacts  the  Teflon,  which  has  a  hole  to  drain  the  etchant  af^er  a  hole  in  the 
sample  has  occurred. 
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(4)A  plastic  sheet  having  a  small  hole  is  wrapped  around  the  sample  to  etch  only  its 
center. 

I 

(5)  The  etchant,  consisting  of  a  mixture  of  25%  HF  and  75%  HNO3 ,  is  directed 

I 
towards  the  sample  until  a  tiny  hole  has  been  etched  into  the  surface. 

(7)  After  etching,  the  sample  is  soaked  into  heptane  solution  to  remove  the  protecting 

wax. 

The  cross-sectional  TEM  samples  were  prepared  by  the  following  method. 

(1)  The  sample  is  sliced  into  very  thin  cross  sectional  slabs  with  a  diamond  saw. 

I 

(2)  Two  surfaces  of  the  Si  thin  films  of  the  sliced  slab  are  cemented  together  face  to 

face  with  M  bond.  Diramiy  samples  are  attached  to  them  for  handling  and  mounting 
on  a  Cu  ring . 

(3)  The  bonded  sample  is  mechanically  ground  i.e.  thinned  to  lOOjxm  using  a  slurry  of 
AI2  O3  in  water. 

(4)  The  polished  sample  is  mounted  onto  a  3  mm  diameter  Cu  ring. 

(5)  As  a  final  step,  the  mounted  sample  is  ion  milled  with  argon  ions  until  a  tiny  hole 
is  formed. 

2.4  Hall  measurement 

The  mobility  of  carriers  in  Si  thin  films  is  a  very  important  electrical  parameter 
which  is  directly  connected  to  the  driving  current  of  a  TFT  (Thin  FihnTransistor) 
made  on  the  films.  The  mobility  is  quite  dependent  on  defects,  such  as  grain 


39 


boundaries,  stacking  faults,  and  dangling  bonds.  Therefore,  these  measurements  arc 
essential  to  evaluate  the  ciystallinity  of  the  crystallized  thin  films. 

For  Hall  mobility  measurement,  boron  was  used  as  dopant  of  the  amorphous  Si 
layer  before  crystallization.  After  crystallization,  the  samples  were  annealed  at 
800°C.  The  size  of  the  samples  was  7mm  x  7mm.  The  thickness  of  the  Si  thin  films 
was  approximately  lOOOA.  Indium  was  used  to  make  ohmic  contacts  that  is  the 
metallization  on  the  crystallized  Si  thin  films.  The  applied  magnetic  field  was  about 
7.5KG.  The  measuring  temperature  was  297.3K. 

After  the  first  measurement,  a  second  measurement  was  performed  by  changing  the 
electrodes  to  have  opposite  polarity  with  the  first  measurement. 


CHAPTER  4 
RESULTS 

4-1.  Differential  Reflectivity  of  As-deposited  Amorphous  Si 

The  optical  jwoperties  of  amorphous  silicon  are  quite  different  than  those  of 

crystalline  silicon.  The  differential  reflectivity  of  as-deposited,  amorphous  silicon  on  a 

6OOOA  Si02  layer  has  been  measured  utilizing  DR  (Differential  Reflectometiy).  The 

differential  reflectivity  spectrum  of  amorphous  Si  is  shown  in  Fig.  8.  A  (100)  n-type 

single  crystalline  silicon  wafer  was  used  as  a  reference.  The  spectrum  shows  three 

distinct  maxima,  labelled  Ei(A,=  365nm),  E2(X  =  280nm),  and  E3(  X=  225imi)  for  every 

sample.  Among  them  Eji  A,=280nm)  is  generally  the  most  pronounced.  The  maxima 

correspond  to  three  distinct  peaks  in  the  crystalline-silicon  reflectivity,  which  are  due  to 

three  specific  interband  transitions.  These  are  L'3  =>  L3  (  A,=225run),  X4  =>X| 

(X,=280nm),  and  r25  =>   rj5(  X,=365nm).  As  comparison,  the  DR  spectrum  for 

amorphous  siUcon  and  crystalline  silicon  on  6OOOA  Si02  /single  crystalline  Si 

underlayers  were  simulated  by  a  computer  program,  which  has  been  developed  by 

Hummel,  and  W.Xi. '"'   This  is  shown  in  Figures  8  (experiment )  and  9  (  simulation  ) 

compare  quite  favorably  for  a-Si.  Understandably,  the  Differential  reflectogram  for  c-Si 

.ft 

shows  no  El,  E2,  or  E3  peaks  since  test  sample  and  reference  are  equal.  There  are  another 

peaks  at  wavelengths  larger  than  400nm.  These  are  stemed  from  interference  effects 

I 
which  involves  reflections  from  the  interface  between  a-Si  and  Si02 . 
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400nm 


300nm 


200nm 


4-  i 


Fig.  10  Measured  differential  reflectivity  spectra  of  lOOOA,  500A,and  300A  as-deposited 
amorphous  Si  thin  films  on  6OOOA  SiO.  /  (100)  Si  substrate.  A  Si  single  crystal  was  used 
as  a  reference 
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4-1-1  ■  Thickness  Effect  on  the  E)ifFerential  Reflectivity 

The  differential  reflectivity  of  amorphous  Si  layers  has  been  measured  for  four 
different  thicknesses  of  the  a-Si  layer,  namely  for  lOOOA ,  500A ,  300A ,  and  lOOA  .  The 
reference  sample  as  before  was  a  (100)  n-type,  single  crystalline  wafer.  The  spectra  of  a- 
Si  lOOOA  ,  500A ,  and  300  A  samples  are  shown  in  Fig.  10.  In  the  case  of  1000  A  and 
500A  ,the  E2  and  E3  are  well  matched  with  the  theoretical  predictions.  Both  spectra  have 
almost  the  same  intensity.  This  means  that  there  is  no  interference  effect  due  to  the 
penetration  and  reflection  of  incident  light  to  and  from  tte  bottom  interface.  On  the  other 
hand,  for  the  sample  having  a  300A  a-Si  layer,  even  though  it  shows  a  very  similar 
spectrum,  the  maxima  are  slightly  shifted  from  the  theoretical  wavelength  because  of  a 
possible  interference  effects  involving  the  bottom  layer.  The  interference  effects  on  the 
differential  reflection  spectra  were  simulated  for  various  amorphous  silicon  thicknesses 
below  300A  and  for  a  variation  of  the  underlying  silicon  dioxide  thickness.  In  Fig  1 1,  the 
thicknesses  of  amorphous  Si  layers  were  varied,  from  250A  to  300  A.  The 
consequential  effects  on  the  thickness  are  very  small,  there  is  almost  no  change  in 
reflectivity  at  wavelengths  below  300imi.  However,  when  the  thickness  of  the 
underlying  Si02  layers  is  changed,  the  shapes  of  the  spectra  become  quite  different 
(Fig.  12  ).  The  interference  greatly  affects  the  spectrum  of  a  sample  whose  amorphous  Si 
layer  is  lOOA  thick  (  Fig.  13  ).  Any  characteristic  maxima  of  the  crystalline  silicon  cannot 
be  distinguished  in  this  spectrum  because  of  the  interference  peaks,  which  is  caused  by 
the  penetration  of  light  into  the  underlayers  and  a  reflection  from  the  interfaces.  The 
respective  simulated  spectrum  is  shown  in  Fig.  14  for  comparison. 
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400     375     350     325     300     275     250     225     200 

Wavelength(nm) 


Fig.  1 1  Simulated  differential  reflection  spectra  of  amorphous  Si  thin  films  on  6OOOA 
SiO,  /  (100)  Si  substrates  with  single  crystal  Si  as  a  reference  sample,  the  thickness  of  the 
a-Si  is  changed  from  250A~300A. 
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Fig.  12  Simulated  differential  reflection  spectra  of  300A  thick  amorphous  Si  films  on 
various  thicknesses  of  SiO..  A  Si  single  crystal  was  used  as  a  reference 
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Fig.  15  Measured  differential  reflection  spectra  of  1000 A  thick  Si  thin  films  on  a  6000 A 
Si02  /  (100)  Si  substrate  when  annealed  at  600°C  for  various  times  as  indicated .  A 
1000 A  thick  a-Si  sample  was  used  as  a  reference 
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4-1-2.  Annealing  Time  Dependence  of  Differentiai  Reflectivitv 

Amorphous  Si  thin  films  on  a  Si02  /  Si  substrate  were  annealed  at  various 
temperatures  to  be  crystallized  The  differential  reflectivity  then  changes.  ( Fig.  15  and 
Fig.  16)  The  annealing  temperature  was  600°C  and  the  film  thickness  of  the  a-Si  was 
lOOOA.  In  Fig.  15,  an  as-deposited  1000  A  thick  amorphous  Si  sample  was  used  as 
reference.  On  the  other  hand,  in  Fig.  16,  a  single  crystalline  Si  wafer  was  used  as 
reference.  In  both  cases,  a  distinct  change  in  the  spectra  can  be  seen  as  the  annealing 
time  increases.  The  differential  reflectivity  of  Fig.  15  increases  as  the  annealing  time 
increases  since  the  as-deposited  a-Si  is  used  as  reference.  However,  it  is  opposite  in 
Fig.  16  because  of  using  single  crystalline  wafer  reference  instead.  Particularly,  the  most 

significant  change  occurs  for  the  E2  peak  (280  nm).  The  reflectivities  in  the  range 

i 
between  280mm  and  325tmi  are  not  as  sensitive  to  surface  rou^mess  and  surface  native 

oxide  as  those  having  wavelengths  below  250nnL  In  Fig.  16,  an  additional  change  can  be 

seen  in  the  range  below  250nm,  even  though  the  changes  at  X,=280nm  were  stopped  for 

longer  annealing  time.  This  is  probably  due  to  an  increase  in  roughness  and  the  thickness 

of  the  oxide  due  to  long  aimealing  in  the  fiimace.  In  the  case  of  a  single  crystalline  wafer 

reference,  the  same  trend  is  observed  The  spectra  become  quite  eccentric  for  long  time 

annealing  even  though  they  are  supposed  to  be  flat.  It  is  for  the  reason  that  in  the 

following  presentations  the  difference  in  reflectivities  at  280nm,  and  325nm,  will  be  used 

to  calculate  the  volume  fraction  of  crystalline  Si  in  the  amorphous  Si  layer.  Further,  the 

penetration  depth  of  light  for  both  wavelengths  is  less  than  300A,  which  eliminates 

interference  effects 
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Fjg.  17  Time  dependency  of  the  differential  reflection  spectra  for  500A  thick  Si  films  on 
a  6000 A  S1O2  /  (100)  Si  substrate,  when  they  were  annealed  at  eOCC.  The  reference  was 
a  500  A  thick  as-deposited  a-Si  on  a  6OOOA  SiOj  /  (100)  Si  substrate. 
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4-1-3.  Reference  Sample  Effects  on  Differential  Reflectivity 

Two  different  reference  samples,  (100)  n-type  single  crystalline  Si  substrate  and 
as-deposited  amorphous  Si,  which  had  the  same  vertical  structure  as  the  measured 
samples,  were  used  to  measure  differential  reflectivities  as  a  function  of  annealing  time. 
In  Fig.  17,  the  reference  sample  is  the  as-deposited  500A  amorphous  Si.  The  measured 
samples  had  been  annealed  at  600°C  for  varying  times.  The  changes  in  the  spectra  due  to 
crystallization  are  evident  even  for  very  small  annealing  times.  Fig.  17,  thus, 
demonstrates  the  usefiUness  of  differential  reflectometiy  to  determine  the  iiKubation 
time  of  crystalli2ation,  which  is  quite  influential  in  controlling  the  microstructure  of 
polycrystalline  Si  thin  films  on  insulator.  On  the  other  hand,  when  a  ( 100)  n-type  Si 
substrate  is  used  as  a  reference  sample,  the  changes  occuring  after  short  annealing  times 
are  not  as  obvious  as  they  are  when  an  amorphous  Si  reference  is  used.  This  is  shown  in 
Fig.  16.  Furthermore,  in  the  case  of  long  annealing  times,  the  shapes  of  the  differential 
reflectivity  spectra  in  the  range  between  200  and  250  nm  become  difficult  to  analyze  due 
to  the  high  sensitivity  to  other  factors  such  as  surface  roughness,  top  native  oxide 
thickness  and  defects  in  polycrystalline  Si  films.  Such  a  high  sensitivity  in  the  just 
mentioned  range  of  wavelengths  can  be  observed  in  Fig.  17.  When  different  doping  types 
and  orientations  of  single  crystalline  Si  wafer  are  used  as  reference  samples,  the 
difference  among  the  spectra  in  the  range  between  200  and  250  nm  is  bigger  compared 
to  the  rest  of  the  wavelengths.  Therefore,  in  order  to  minimize  the  other  factors  and  to 
detect  small  changes  in  differential  reflectivity  for  the  characterization  of  crystallized 
amorphous  Si  thin  films  on  insulators,  it  is  most  efficient  to  use  the  as-deposited  a-Si 
sample  as  the  reference  sample  instead  of  the  single  crystalline  Si  substrate. 
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4-2.Randoin  Nucleation  and  Growth  of  Amorphous  Si  on 
Insulators  without  Seed 

4-2-1.  Determination  of  Volume  Fraction  of  the  Crystallized  Si  in  a-Si  Thin  Fihns  from 
Differential  Reflectivity 

As  previously  mentioned,  the  changes  due  to  crystallization  in  amorphous  Si 
have  been  measured  utilizing  the  Differential  Reflectometer.  In  order  to  estimate  the 
volume  fractions  of  crystallized  Si  from  the  measured  differential  reflectivity  data,  two 
assumptions  have  been  made.  First,  the  reflectivity  of  a  partially  crystallized  Si  layer  is 
assumed  to  be  given  by  the  simple  mixing  law: 

R-xR^  +  (>-x)R^  (1) 

where  %  is  the  volume  fraction  of  crystallized  Si,  R^.  is  the  reflectivity  of  crystalline  Si, 
*"^  ^a-si  *^  *^  reflectivity  of  amorphous  Si.  Second,  it  is  assumed  that  the  ratio  of  the 
absolute  height  of  E2{  A.=280nm)  for  crystallized  Si  to  that  for  single  crystalline  Si  equals 
about  the  ratio  of  the  relative  height  of  the  E2  maxima  with  respect  to  the  minima  at  a 
specific  wavelength.  Details  of  the  derivation  pertaining  the  volume  fractions  gained 
from  the  differential  reflectivity  will  be  discussed  in  the  Af^ndix  A.  Based  on  these 
two  assumptions,  the  volume  fraction  of  crystallized  Si  in  a-Si  thin  films  can  be 
expressed  as: 

X  =  [  R«-Si  /(R«^i-R<^Si)]x=280nm  X   [  1 "  ( 1+ 0.46C  )  /  ( 1  -  0.46C )  ]  (2) 

where  C  is  the  ratio  of  the  relative  heights  of  E2. 

The  normalized  heights  of  the  E2  peaks  for  various  thicknesses  of  amoridK)us  Si 
at  several  annealing  temperatures  are  shown  in  Fig.  18, 19,  and  20.  From  these  graphs, 
the  volume  fractions  of  crystallized  Si  in  the  annealed  samples  were  determined  using 
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Fig.  18  Normalized  height  of  the  Ej  peaks  in  differential  reflectivity  for  lOOOA  thick 
annealed  Si  thin  films  at  various  annealing  temperatures  vs.  time. 
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Fig.  19  Normalized  height  of  the  Ej  peaks  in  differential  reflectivity  for  500A  thick 
annealed  Si  thin  films  at  various  annealing  temperatures  vs.  time. 
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Fig.20  Nonnah-zed  height  of  the  E^  peaks  in  differential  reflectivity  for  300A  thick 
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Fig.21  Volume  fraction  of  annealed  1000  A  thick  Si  thin  films  in  various  annealing 
conditions,  as  determined  from  the  normalized  height  of  the  E2  peaks  in  differential 
reflection  spectra. 


59 


650°C 
625°C 
575°C 
600°C 


''''*'■■*" 


0       50     100    150    200    250    300    350    400   450    500    550    600   650    700 

time[min] 


Fig.22  Volume  fraction  of  annealed  500A  thick  Si  thin  films  in  various  annealing 
conditions,  as  determined  from  the  normalized  height  of  the  E2  peaks  in  differential 
reflection  spectra. 
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Fig.23  Volume  fraction  of  annealed  300A  thick  Si  thin  films  in  various  annealing 
conditions,  as  determined  from  the  normalized  height  of  the  E2  peaks  in  differential 
reflection  spectra. 
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equation  ( 2  ).  They  are  shown  in  Figs.  21, 22,  and  23.  For  a  comparison,  as-deposited 

I 
and  annealed  samples  heated  at  600°C  were  characterized  by  XRD.  Their  x-ray  spectra 

are  shown  in  Figs.  24, 25,  and  26.  For  the  annealed  samples,  the  (1 1 1)  peak  and  (400) 

peak  are  present.  Additionally,  a  very  low  intensity  (220)  and  (311)  peak  is  evident. 

(400)  peaks  originate  from  the  (100)  type  Si  substrate.  In  order  to  obtain  the  crystalline 

volume  fraction  of  annealed  samples  from  the  (1 1 1)  peak  intensity  data,  step  scan  XRD 

I 
analysis  were  used  in  the  range  2  9=  27.5  ~  29.5°.  This  is  shown  in  Fig.  27.  It  can  be 

reasonably  assumed  that  the  amorj^ous  Si  is  frillly  crystallized  after  annealing  for  20 

hours  at  600°.  Therefore,  the  ratio  of  the  intensity  respect  to  that  of  the  sample  annealed 

I 
for  20  hours  was  used  to  estimate  the  volume  fraction  of  crystallized  Si  which  has  been 

annealed  at  600°C  for  5  hours.  The  volume  fraction  was  estimated  to  be  0.733,  compared 

to  a  value  of  0.65,  from  the  reflectivity  data.  The  discrepancy  of  about  15%  still  can  be 

considered  to  be  a  fair  agreement  considering  the  completely  different  methods  applied. 

The  500A  thick  sample  ,which  had  been  annealed  at  625°C  for  40  min,  was  etched  with 

Wright  etchant  to  eliminate  the  remaining  a-Si  selectively  for  studies  applying  the  SEM  ( 

see  Fig.  28  ).  In  the  estimation  from  the  reflectivity  data,  the  volume  fraction  of  this 

I 
sample  is  0.64. 

4-2-2.  Incubation  Time  i 

The  Incubation  time,  x,  is  defined  to  be  the  time  lag  before  nucleation  sets  in.  It  is 

quite  important  for  confrolling  the  microstructure  in  thin  films  of  crystallized 

polycrystalline  silicon  on  insulators.  It  is  a  measure  of  the  stability  of  amorphous  Si 

under  a  given  annealing  condition.  The  incubation  time  is  estimated  using  the  changes 

in  differential  reflectivity  at  the  E2  peak.  It  is  assumed  that  no  crystallization  takes  place 
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Fig.28  SEM  pictures  of  a  etched  500A  thick  Si  thin  fihn  on  a  6OOOA  SiOj/  (100)  Si  substrate 
annealed  at  625°C  for  40  mia  utilizing  the  Wright  etchant ,  a)  x  35000 
b)x  12000 
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Fig.  29  Temperature  dependency  of  the  measured  incubation  time  for  unseeded 
crystallization  samples 
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in  differential  reflectivity  at  the  £3  peak.  It  is  assumed  that  no  crystallization  takes  place 
during  the  incubation  time.  Fig.29  shows  the  experimental  incubation  time  as  a  function 
of  temperature.  As  the  thickness  of  the  amorphous  Si  layer  increases,  the  incubation  time 

becomes  longer.  For  example,  at  600°C,  the  incubation  time  is  60  minutes  for  a  500A 

] 

thick  a-Si  layer.   It  increases  to  120  minutes  for  a  lOOOA  thick  film  .  The  incubation 
times  decreases  when  the  annealing  temperatures  increases.  The  incubation  times 
depends  on  an  interplay  between  nucleation  and  growth  processes.  If  the  annealing 
temperature  increases,  the  nucleation  and  growth  process  becomes  fast.  The  temperature 
dependency  can  be  expressed  by  an  Arrhenius  relationship: 

x  =  T^-exp(Qr/kT)  (3) 

where  t^  is  a  pre-exponential  factor  and  Q^  is  the  activation  energy  for  the  incubation 
time.  From  the  slope  of  the  Arrhenius  curve  in  Fig.  29,  an  activation  energy  of  3.97 
eVcan  be  calculated.  Uter,  these  incubation  time  data  will  be  used  to  estimate  the 
maximum  annealing  time  required  to  induce  crystallization  by  top  seeding.  The 
activation  energy  is  also  a  useful  thermodynamic  parameter  which  can  be  used  to 
estimate  the  interface  energy ,  y^ ,  of  a-Si/c-Si ,  and  the  Gibbs  free  energy,  AG^*,  for 
forming  a  critical  nucleus. 
4-2-3.  Volume  Fraction  of  Crystallized  Si  Thin  Films 

The  crystalline  Si  volume  fraction  in  annealed  amorphous  Si  layers  on  Si02  was 
estimated  utilizing  D.R.data  Figs.  21, 22,  and  23  show  the  annealing  time  dependence  of 
the  volume  fraction  at  various  annealing  temperatures  for  different  thicknesses  of  a-Si, 
such  as  1 OOOA,  500A,  and  300  A.  The  crystallization  begins  after  a  certain  time  lag,  the 
incubation  time.  The  time  lag  becomes  longer  at  lower  annealing  temperatures.  Longer 
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incubation  time.  The  time  lag  becomes  longer  at  lower  annealing  temperatures.  Longer 
annealing  times  are  taken  to  fully  crystallize  the  films  as  the  annealing  temperature  is 
decreased.  Generally,  the  annealing  time  dependence  of  the  volume  fraction  of 
crystallized  Si  can  be  expressed  by  Avrami's  equation  ^*  '^^ 

X(t)=l-exp[-(t-T)/Ter  (4) 

where  n  is  m+1,  m  is  a  dimension  of  the  growth  mode,  x  is  the  incubation  time,  and  t  q 
is  a  characteristic  time  which  contains  nucleation  growth  rates,  and  the  growth  geometry. 

For  a  two  dimensional  growth  mode,  a  constant  nucleation  rate,  and  an  interface 
limited  growth,  n  becomes  3  and  Tc  is  then  given  by^*"^^ 

te=[(7r-d-l,.V.)/3]-'^  (5) 

where  d  is  the  thickness  of  the  films.  Is,  is  the  steady  state  nucleation  rate,  and  Vg  is  the 
growth  rate.  In  order  to  extract  the  nucleation  rate  and  the  growth  rate  fi^om  the 
experimental  volume  ftaction  data,  equations  ( 4  )  and  (  5  )  were  used  to  fit  the 
experimental  points  in  Figs.  21, 22,  and  23.  For  fitting,  the  least  square  method  was  used 
utilizing  the  software  program,  Sigma  Plot.  The  exponential  indexes,  n,  were  directly 
determined  firom  the  slopes  of  the  experimental  data  in  Figs.  30, 31,  and  32.  Equation  (4  ) 
can  be  linearized,  as  follows: 

l-X(t)  =  exp[-(t-x)/x,r 

log{ln[l/(l-x(t)]}=-nlogTc+nlog(t-T)  (6) 

The  exponetial  indexes,  n,  can  be  acquired  ft^om  the  slope  of  Eqn.  ( 6 ),  and  Vg  and  Is,are 
which  are  obtained  by  the  curve  fitting.  The  solid  lines  in  Figs.  21, 22,  and  23  are  the 
fitted  data.  They  fit  fairly  well  to  the  experiments  for  some  data .  Therefore,  we  may 
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Fig.30  In  [  1/  (  1-  X )  ]  vs.  ( t  -  X  )  for  lOOOA  thick  Si  thin  films ,  where  x  is  the  volume 
fraction  of  crystalline  Si ,  and  i  is  the  incubation  time  for  crystallization. 
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Fig.32  In  [  1/  (  1-  X  )  ]  vs.  ( t  -  T  )  for  300A  thick  Si  thin  films ,  where  x  is  the  volume 
fraction  of  crystalline  Si ,  and  x  is  the  incubation  time  for  crystallization. 
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conclude  that  the  classical  nucleation  and  growth  theory  may  be  applied  to  analyze  the 
kinetics  of  solid  phase  crystallization  in  amorphous  Si. 
4-2-4.  Nucleation  Rate 

The  nucleation  rates  and  growth  rates  were  determined  by  fitting  the  measured 
volume  fractions  of  crystallized  Si  with  the  classical  nucleation  and  growth  theory.  The 
nucleation  rate  as  a  ftmction  of  reciprocal  temperature  is  shown  in  Fig.  33.  The 
nucleation  rate  increases  exponentially  as  the  annealing  temperature  is  increased.  For 
500A  thick  a-Si  films,  the  nucleation  rates  are  larger  than  those  for  1000  A  thick  a-Si. 
The  slopes  of  both  experimental  data  agree  quite  well.  The  activation  energy,  Q„uci ,  of 
the  nucleation  rate,  I^t  ,was  determined  to  be  5.6  eV  fi-om  the  slopes  of  the  Arrhenius 
curve  (1st  a  exp[  -  Qnucj/kT]). 

This  activation  energy  value  will  be  used  below  to  estimate  the  Gibbs  fi-ee  energy 
change,  AGk*,  involved  in  forming  a  critical  cluster.  In  a  rough  af^oximation,  the 
steady  state  nucleation  rate,  I,, ,  is  expressed  in  terms  of  the  simple  product  of  the  number 
of  critical  clusters  unit  volume,  C^  which  is  proportional  to  exp  ( -AGk*/  kT),  and  the 
rate  of  attachment  of  atoms  to  the  critical  nucleus  which  is  the  same  as  growth  rate,  Vg , 
which  is  proportional  to  exp  ( -  Qg  /  kT ). 
Thus, 

I^=A-exp(-Q^/kT)«  B-CkVg  =  Cexp[-(Qg  +AGk*)/kT]  (7) 

.-.  Qg  +  AGk  *  =  Q.^1 

AGu*  =Q„^,  -Qg 
where  A,  B,  and  C  are  constants,  and  Qg  is  the  activation  energy  of  growth  rate. 
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Fig.33  Temperature  dependency  of  the  steady  state  nucleation  rate ,  which  is  determined 
by  fitting  the  volume  fraction  with  Avrarai's  equation. 
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Therefore,  AGk  *  can  be  determined  from  Qnuci  and  Qg . 
4-2-5.  Growth  Rate 

The  growth  rates  were  extracted  from  the  measured  volume  fractions  similarly  as 
the  nucleation  rates.  Fig.  34  shows  some  growth  rates  as  a  fimction  of  reciprocal 
temperature.  From  Fig.  34,  the  activation  energy  of  growfli  was  acquired  based  on  the 
Arrhenius  equation.  It  is  3.7  eV.  This  value  is  very  important,  along  with  the  activation 
energy  for  nucleation  to  determine  the  interfacial  energy  of  the  a-Si  /  c-Si  interface.  The 
a-Si  thickness  dependence  of  the  growth  rate  is  shown  in  Fig.  35.  The  growth  rates 
increase  as  the  thickness  decreases.  This  may  result  from  a  larger  contribution  of  surface 
to  total  volume  in  thinner  films  compared  to  thicker  ones.  Generally,  the  mobility  of 
atoms  at  the  surface  is  higher  than  in  the  bulk.  The  values  of  growth  rates  are  veiy  close 
to  the  solid  phase  epitaxial  regrowth  rates  (1~100A)  which  were  measured  at  the  same 
temperatures  by  Olson  et  al.  '°° 
4-2-6.  Crystallization  Time 

The  crystallization  is  a  combination  of  nucleation  and  growth.  Therefore,  the 
median  ciystallization  time,  t^o ,  in  which  50%  of  a-Si  have  ciystallized,  was  determined 
from  the  fitted  volume  fraction  curve.  The  temperature  dependence  of  tso  is  shown  in 
Fig.  36.  The  activation  energy  for  the  crystallization  is  3.78  eV.  It  is  very  close  to  the 
activation  energy  for  the  incubation  time ,  x,  which  is  3.97eV.  Actually,  the  incubation 
time  is  related  not  only  to  the  nucleation  process,  but  also  to  the  growth  process. 
Therefore,  both  activation  energies  are  supposed  to  be  very  close  in  value. 
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Fig.  34  Temperature  dependency  of  the  growth  rate ,  which  is  determined  by  fitting  the 
volume  fraction  with  the  Avrami  equation.  ' 
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Fig.35  Thickness  dependency  of  the  growth  rate.  It  was  determined  by  fitting  the  volume 
fractions  (  see  Figs.  21,22,  and  23  )  with  the  Avrami  equation. 


c 
"E 


o 
m 


lO'*- 



n 

0          1 

:     A      a-si  1000A 
•       a-Si  500  A 
-      ■      a-Si  300A 

103   - 

i 

4 

i 

1 

h^ 

\ 

102- 

A 
1 

^ 

N 

ts — 

\ 

10^  - 

\ 

=4 

\= 

10°  - 

1 

500      525 


550       575       600      625      650 
Annealing  temp.  ( "C  ) 


675      700 


Fig.36  Temperature  dependency  of  the  median  crystallization  time,  tso,  for  various 
thicicnesses  of  Si  films. 


79 

4-2-7.  Grain  Growth  Mode  of  Crystallized  Si  Particles 

The  grain  growth  mode  for  nucleated  crystalline  Si  in  amorphous  Si  determines 
the  shapes  of  the  final  grains  with  the  preferred  nucleation  sites  and  nucleation  rates. 
According  to  Avrami's  model  *^,  the  grain  growth  mode  can  be  extracted  from  the 
variation  of  In  [  1  /  ( 1  -  x  )]  with  annealing  time  as  shown  in  Figs.  30,  31,  and  32.  They 
have  the  relationship  as  follow; 

log{ln[l/(l-x)]}=  -n.logTe  +  nlog(t-T)  (6) 

where  x  is  the  volume  fraction,  n  is  the  exponential  index  v^ch  refxesents  the  time 
dependence  of  crystallization,  x  is  the  incubation  time,  and  Xc  is  the  characteristic 
crystallization  time.  For  example,  when  the  grains  grow  three  dimensionally,  n  is  3-4. 
For  two-dimensional  and  one-dimensional  grain  growth ,  it  is  2  ~  3  and  1-2 
respectively.  Therefore,  a  slope,  n,  of  each  line,  was  determined  from  Figs.  30,  31,  and 
32.  The  results  are  shown  in  Fig.  37  as  a  function  of  annealing  temperature.  From  Fig. 
37  one  can  see  that  grain  growth  mode  below  600°C  is  two  dimensional  because  the 
values  of  n  lie  in  the  range  between  2  and  3.  On  the  other  hand,  the  grain  growth  mode 
becomes  close  to  one-dimensional  as  the  annealing  temperatures  increase  above  600°C, 
since  n  is  in  the  range  of  n  =1-2.  In  this  experiment,  the  thicknesses  of  the  amorphous 
Si  thin  films  are  less  than  lOOOA. 

The  preferred  nucleation  site  is  known  as  the  interface  between  a-Si  and  the  Si02  layer. 
Therefore,  when  an  isotropic  rate  of  growth  and  only  nucleations  on  the  interface  are 
assumed,  the  grain  growth  mode  will  depend  on  the  density  of  nuclei  at  the  interface  and 
on  the  ratio  between  the  film  thickness  and  the  mean  distance,  D,  of  the  nuclei  at  the 
interface  which  is  the  same  as  the  average  grain  size  in  columnar  or  disc  shape  grains. 
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Fig.37  Temperature  dependency  of  the  slope  of  In  [  1  /  (  1-x  )  ],  n,  for  various 
thicknesses  of  Si  films. 
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interface  which  is  the  same  as  the  average  grain  size  in  columnar  or  disc  shape  grains. 

For  example,  if  the  nucleation  rate  becomes  larger  at  high  annealing  temperatures,  the 

mean  distance,  D,  becomes  smaller  due  to  a  larger  density  of  the  nuclei.  This  results  in 

I 
an  impingements  of  the  growing  Si  crystallites  to  each  other  in  the  lateral  direction. 

Therefore,  the  Si  cyrstallites  can  grow  only  one  dimensionally  along  a  direction 

perpendicular  to  the  a-Si  /  Si02  interface.  On  the  other  hand,  at  low  annealing 

temperature,  the  density  of  nuclei  is  lower.  Therefore,  if  the  mean  distance,  D,  is  larger 

than  the  film  thickness,  they  will  grow  in  a  two-dimensional  mode.  As  the  annealing 

temperature  increases,  the  grain  growth  mode  changes  from  two-dimensional  growth  to 

one-dimensional  as  shown  in  Fig.  37. 

4-2-8.  Final  Grain  Size 

The  final  grain  size  can  be  extrapolated  from  the  nucleation  rate  and  growth  rate 

in  a  way  which  was  proposed  by  Iverson  et  al. ''  If  the  grain  shape  is  disc  like  or 

columnar,  the  area  of  the  final  grain,  Ag,  is  expressed  as: 

Ag=lim[N,(t)]-'  (8) 

t  — >ao 

where  Ng  is  the  density  of  grains,  which  is  the  number  of  grains  per  unit  area.  The  density 
of  grains  as  a  function  of  time  is 


N,  =  Jlsf(l/dHl-x(t')]-dt' 


(9) 


where  \^  is  the  steady  state  nucleation  rate,  d  is  the  thickness  of  the  a-Si  film,  t  is  the  total 
annealing  time,  and  x  (f  )  is  the  volume  fraction  of  crystalline  Si  at  a  given  instant  time, 
t'.  In  other  words,  l-x(  t' )  is  the  volume  fraction  of  uncrystallized  a-Si  at  a  given  instant 
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time.  x(t'  )  is  given  by  equation(  4 ).  When  eqn.  (9)  is  inserted  into  (8),  and  then 
integrated,  it  yields : 


Ag  =  [  n-(  Ttdl^-Vg'  /  3  )'^  /  l,.d  ].  [  r(  1/n )  ]' 


(10) 


where  n  is  the  exponential  index  in  Avrami's  equation,  Vg  is  the  growth  rate,  and  r(  1/n ) 
is  a  gamma  function.  If  the  grain  shape  is  a  disc,  the  final  grain  size,  dg,  is  the  diameter, 
thus; 

dg  =  (4-Ag/7ty'^ 

=  { (4-nVg^^  /3'^).  [  1  /(jfVd)]^"-'>'"  }"'.  [r(  l/n)]-'^  (11) 

Details  of  the  appropriate  derivation  are  shown  in  Appendix  B.  Based  on  ( 1 1  ),  the  final 
grain  sizes  have  been  calculated.  The  results  are  shown  in  Fig.  38.  As  expected,  the  final 
grain  size  decreases  as  the  aimealing  temperature  is  increased  because  of  a  higher 
nucleation  rate.  However,  the  grain  sizes  decreases  slightiy  at  575°C  compared  to  those 
of  the  samples  annealed  at  600°C.  The  reason  for  that  trend  is  speculated  that  the  growth 
rate  at  575°C  may  be  so  slow  that  finally,  more  nuclei  can  be  nucleated  compared  to  the 
numbers  of  nuclei  at  600°C  in  spite  of  lower  nucleation  rates.  The  activation  energy  for 
the  final  grain  size  obtained  ft^om  the  slope  of  the  fitted  line  is  1.1 5ev.  The  estimated 
grain  size  is  in  the  range  of  35 1  A~  1789A.  In  order  to  examine  these  estimations,  a 
cross-sectional  TEM  was  performed  on  a  SOOA  thick  sample,  which  had  been  annealed 
at  600°C  for  20  hours.  In  Fig.  39,  the  average  grain  sizes  is  estimated  to  be 
approximately  lOOOA.  The  optical  method  yields  for  this  sample  about  1410A.  Thus, 
TEM  and  DR  provide  similar  results  with  the  advantage  of  DR  that  the  the  results  are 
obtained  much  quicker  and  less  expensive  and  tedious.  The  results  of  this  section  are 
summarized  in  table  1. 
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Fig.38  Calculated  final  grain  sizes  obtained  from  the  kinetic  data  for  unseeded 
crystallization. 
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0.1  ^m 


Fig.39  Cross-  sectional  TEM  of  a  500A  thick  Si  thin  film  on  a  6OOOA  thick  SiOz/  (100)  Si 
substrate  annealed  at  600°C  for  20  hrs.. 


Table  I  Summary  of  the  results  in  section  4-2. 
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Item 

Results 

— r 

Volume 
fraction  of  c- 
Si 

X   =    [   R«-S,   /(Ra-S.-Rc-Si)]x=280nn.   X    [  1  -  (  1+ 0.46C  )  / 

(1-0.46C)] 

from 
DR 

Incubation 
time 

T  =2~200min. 
Q,=  3.97  eV 

at 

575- 

650°C 

Nucleation 
rate 

Is,  =  3.69  X  10'"  ~  2.51  X  10*' /  cm' 
Q„uci=  5.6  eV 

Growth  rate 

v„=  1-169  A/ sec 
Q,=  3.7eV 

Crystallizatio 
ntime 

t5o=  9-850min. 
Qr=  3.78  eV 

Growth  mode 
of  grains 

2-  dimentional  ( n  =  2.3-2.44  )  for  Temp.  <  600°C 
1-  dimentional  ( n  =  1.3-1.7 )   for  Temp.  >  600''C 

Final  grain 
size 

d„  =  351~1789A 
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4-3.  Top  Seed  Induced  Crystallization 
A  new  technique  was  implemented  with  the  goal  to  improve  the  crystallinity  of  Si 
thin  fihns  on  insulators  as  explained  in  the  chapter  3.  In  short,  single  crystalline  bulk  Si 
wafers  was  layed  on  as-deposited  amorphous  Si  thin  films  (  on  a  6OOOA  Si02  layer ), 
and  then  armealed  at  550°C.  In  order  to  avoid  random  nucleation  and  growth  of  the 

crystalline  Si,  they  were  annealed  shorter  than  the  incubation  time  of  random  nucleatioa 

1 

This  way,  a  new  mode  of  crystallization  is  expected  to  occur.  The  crystallization  is 
induced  from  the  top  interface  between  the  a-Si  and  the  seed  wafer.  Specifically,  (100) 
single  crystal  bulk  Si  was  put  on  the  a-Si  layer,  and  then  annealed  at  550°C  for  five  hours 
in  an  N2  atmosphere 
4-3-1.  Top  Seeding  Effect 

According  to  previous  experiments  involving  solid  phase  crystallization  without 
any  seed,  the  grain  sizes  are  less  than  2000A  .  Further,  the  preferred  plane  of  the  grains 
is  ( 1 1 1 ).  In  order  to  fully  crystallize  the  sample,  it  takes  almost  20  hours  at  600°C. 
These  process  conditions  and  properties  are  not  quite  satisfactory  for  industrial 
production,  e.g.  for  thin  film  transistors  ( TFT  )  on  glass  substrate  in  AMLCD.  For  a 
comparison,  as-deposited  amorphous  Si  before  annealing,  and  unseeded  crystallized  Si 
were  analyzed  utilizing  XRD  and  TEM.  Fig.  40  shows  the  XRD  spectrum  of  as- 
deposited  a-Si.  A  strong  Si  (400)  peak  at  20  ==  -69°  ,  which  stems  from  the  (100)  Si 
substrate,  is  obtained,  because  normally  incident  CuK^i  (X=1.5405A )  X-rays  were  used 
for  the  analysis.  As  a  reference,  the  CuK«i  (A,=I.5405A)  X-ray  penetration  into  Si  is 
shown  in  Fig.  41.  G(x)  is  the  accumulated  flection  of  diffracted  intensity  from  a  given 
depth  of  Si.  For  example,  if  G(x)  is  near  1,  the  contributed  depth  of  Si  to  the  diffracted 
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'•  -Vv 


G(x) 


G(x)  :=  1  -  exp 


Penetration  Depth 


-2- 152. 1956- 


sin  34.55- 


180 


Fig.41  Simulated  G(x),  accumulated  fraction  of  diffracted  intensity  versus  depth  in  Si  for 
Cu  Bvxi  (  A,  =  1.5405A  )  radiation 
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depth  of  Si.  For  example,  if  G(x)  is  near  1,  the  contributed  depth  of  Si  to  the  dif&acted 
intensity  is  100  ^m.  In  this  experiment,  the  thickness  of  the  amorphous  Si  layer  is 
lOOOA,  and  the  thickness  of  the  Si02  is6000A.  Therefore,  the  (100)  Si  substrate 
contributes  greatly  to  the  diffracted  X-ray  intensity.  One  can  see  a  Kp  X-ray  diffraction 
peak  for  Si  (400)  at  29  =  -62°  because  Kp  was  not  filtered  completely.  However,  there 
are  no  other  Si  peaks  except  (400).  This  means  there  is  no  crystalline  Si  in  these 
amorphous  Si  films.  The  amorphous  Si  films  were  annealed  at  550°C  for  5  and  28 
hours  without  any  seed  ( Fig.  42  ).  For  the  five  hours  spectrum,  there  are  no  Si  peaks 
except  (400).  However,  after  28  hours  annealing ,  one  observes  a  Si(l  1 1)  type  peak,  like 
in  the  previous  XRD  spectra  for  600°C  annealed  samples.  This  suggests  that  (111)  is 
the  preferred  nucleation  plane  for  random  nucleatioa  In  order  to  analyze  the 
microstructure  of  these  samples,  plan  view  TEM  observations  were  made.  The 
microstructure  and  electron  beam  diffraction  of  as-deposited  amorphous  Si  is  shown  in 
Fig.  43.  In  the  bright  field  image  there  is  no  contrast  due  to  any  existing  crystalline  phase 
at  x50,000  magnification.  Further,  electron  diffraction  shows  a  typical  amorphous 
diffusive  halo  ring  pattern.  Fig.  44  depicts  the  microstructure  and  electron  diffraction 
pattern  for  a  (100)  Si  substrate.  A  clear  (100)  zone  axis  diffraction  pattern  is  seen.  If 
amorphous  Si  is  annealed  without  a  seed,  it  becomes  a  typical  polycrystalline  Si  structure 
due  to  random  nucleation.  Its  polycrystalline  microstructure  and  electron  diffraction  are 
shown  in  Figs.  45  and  46.  Its  electron  diffraction  is  a  typical  ring  pattern  due  to  the 
contribution  from  many  grains.  In  Fig.  46,  small  grains  are  shown.  In  dark  field  image, 
white  spots  are  the  growing  microcrystalline  Si  particles.  Their  sizes  are  quite  small  (< 
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b) 

Fig.43  Plan  view  TEM  pictures  of  as-deposited  lOOOA  a-Si ,  x  50,000  a)  bright  field  b) 
diffraction  pattern. 


92 
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Fig.44  Plan  view  TEM  pictures  of  a  (100)  single  crystal  Si  substrate ,  x  50,000  a)  bright 
field  b)  diffraction  pattern. 
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Fig.45  Plan  view  TEM  picture  of  a  500A  Si  thin  film  annealed  without  a  seed  at  550°C 
for  10  hrs. ,  x  7,300  a)  bright  field  b)  diffraction  pattern. 
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c) 


Fig. 46  Plan  view  TEM  pictures  of  a  500A  Si  thin  film  annealed  without  a  seed  at  550°C 
for  10  hrs. ,  x20,000:  a)  bright  field ,  b)  dark  field ,  and  c)  electron  diffraction  pattern 
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O.Sixm ).  In  order  to  induce  crystallization  in  amorphous  Si  thin  films  they  were 
annealed  at  550°C  for  five  hours  with  a  top  seed  made  of  (100)  bulk  Si.  From  XRD 
analysis.  Fig.  47,  one  observes  a  Si(l  10)  peak  instead  of  a  Si  (1 1 1)  peak.  In  contrast, 
when  annealed  at  550°C  for  five  hours  without  seeds,  there  was  no  crystallization.  In 
order  to  examine  a  possibe  presence  of  (400)  peak  due  to  epitaxial  growth  fi-om  the  top 
seed  in  the  crystallized  films,  the  substrate  was  eliminated  by  a  lift  etching  method  in 
which  an  oxide  etchant  (HF)  was  used  to  remove  the  underlying  Si02  and  the  (100) 
substrate.  XRD  analysis  was  performed  on  this  lifted  film.  The  result  is  shown  in  Fig.  48. 
Only  the  (1 10)  peak  remains.  Therefore,  one  may  conclude  that  there  is  no  epitaxial 
(100)  growth  from  the  top  (100)  seed  and  no  random  nucleation  and  growth.  Plan  view 
TEM  samples  were  prepared.  Fig.  49  shows  a  bri^t  field  at  x7,300  magnification.  In 
order  to  investigate  the  ciystallinity  and  grain  size,  three  different  locations  within  the 
same  TEM  sample  were  analyzed,  as  shown  in  Figs.  50, 51,  and  52.  The  size  of  electron 
beam  spot  used  for  electron  diffraction  was  about  lOO^un^.  In  the  electron  diffraction 
pattern  a  (1 10)  zone  is  evident.  During  electron  diffraction  analysis  the  samples  were  not 
tilted.  Therefore,  the  normal  direction  to  the  surface  of  the  crystallized  Si  is  <1 10>.  In 
other  words,  their  surface  planes  are  ( 1 10).  In  the  electron  diffraction  pattern,  even 
though  the  diffraction  spots  are  slightly  elongated,  the  patterns  are  definitely  different 
from  that  of  a  typical  polycrystalline  Si,  as  seen  in  comparison  to  Fig.  46.  This  results 
from  one  crystalline  Si  particle.  The  slight  elongation  may  be  ascribed  to  the  internal 
stress  induced  by  the  volume  change  during  crystallization'^^,  or  to  defects,  such  as 
stacking  faults  and  dislocations.  If  the  elongation  of  the  diffracted  spots  came  from 
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l^iin 


Fig.49  Plan  view  TEM  bright  field  image  of  a  500A  Si  thin  fihn  annealed  with 
top  seed  at  550°C  for  5  hrs. ,  xy^soo. 
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Fig.50  Plan  view  TEM  pictures  of  a  500A  Si  thin  film  annealed  with  top  seed  at  550°C 
for  5  hrs. ,  x7,300  ,  location  I  a)  bright  field  b)  diffraction  pattern. 
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Fig.51  Plan  view  TEM  pictures  of  a  500A  Si  thin  film  annealed  with  top  seed  at  550°C 
for  5  hrs. ,  x7,300,  location  II,  a)  bright  field  b)  diffraction  pattern. 
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Fig.  52  Plan  view  TEM  pictures  of  a  500A  Si  thin  film  annealed  with  top  seed,  at  550°C 
for  5  hrs. ,  x 7,300,  location  III,  a)  bright  field  b)  diffraction  pattern 
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Fig.53   Plan  view  TEM  pictures  of  a  500A  Si  thin  film  annealed  with  top  seed  at  550°C  for  5 
hrs. ,  x8;200.  Electron  beam  size  40Mm2 ,  a)  bright  field  b)  dififraction  pattern. 
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Fig.  54  Plan  view  TEM  pictures  of  a  500A  Si  thin  film  annealed  with  top  seed  at  550°C  for  5  hrs. 
,  X  8,200,  Electron  beam  size  5jxm^ ,  a)  bright  field  b)  diffraction  pattern. 


f 
slightly  differently  oriented  grains,  the  elongation  should  have  been  reduced  dramatically 

when  the  size  of  the  aperture  of  the  electron  beam  was  decreased  by  ten  times.  In  Figs. 

53  and  54,  the  result  of  this  reduction  is  shown.  In  the  small  aperture  picture,  the 

diffracted  spots  are  slightly  reduced  compared  to  those  of  the  larger  aperture.  This  means 

that  the  origin(s)  of  the  elongation  exist  homogeneously  throughout  the  crystallized  area 

as  would  internal  stress  or  defects.  Based  on  that  examination,  at  least  the  grain  sizes  are 

I 
larger  than  lO^un.  Unfortunately,  because  of  tiie  limitation  of  the  maximum  aperture  size 

used  for  electron  diffraction  a  larger  area  could  not  be  examined.  However,  the 

orientations  of  the  diffraction  patterns  from  three  different  spots  are  close  to  each  other. 

This  means  that  the  whole  crystallized  area  might  be  well  matched  crystallographically. 

In  order  to  investigate  the  microstructural  difference  between  the  top  seed 

t  ,  ..   '■ 

induced  crystallization  and  random  nucleation  and  growth ,  the  amorphous  silicon  thin 

films  which  was  doped  by  boron  ( Ix  lO'*  /  cm' )  during  the  deposition  on  Si02  were 

annealed  at  525  °C  for  23  hours.  It  is  well  known  that  boron  enhances  nucleation  and 

growth  in  the  crystallization  of  amorphous  Si  .'* 

In  XRD  analysis,  both  the  Si  (1 1 1)  peak  and  the  Si  (1 10)  peak  are  visible  as  seen 

in  Fig.55.This  means  that  the  top  seeding  induced  crystallization  and  random  nucleation 

and  growth  occur  together,  i»robably  because  the  annealing  time  exceeds  the  incubation 

time  for  random  nucleation.  In  plan  view  TEM  analysis,  two  different  microstructures 

were  found  within  the  same  sample  as  shown  in  Figs.  56, 57  and  58.  One  of  them  is  a 

typical  polycrystalline  microstructure  which  might  be  formed  by  the  random  nucleation 

I 

and  growth,  evidenced  by  the  multitude  of  crystalline  Si  particles  as  seen  in  Fig.  56.  Its 
electron  diffraction  pattern  is  a  ring  pattern  due  to  the  many  crystalline  Si  particles. 
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a) 


l|u,ni 


b) 


Fig.56  a)  Plan  view  TEM  picture  of  a  lOOOA  Si  thin  film  on  a  6OOOA  SiOj/  (100)  Si  substrate 
annealed  involving  a  top  seed  at  525°C  for  23  hrs.,  which  is  doped  with  boron,  1E18  /  cml  The 
micrograph  depicts  a  typical  polycrystalline  microstructure.(  x7,300 ).  b)  Electron  dif&action 
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b) 

Fig.57  a)  Plan  view  TEM  pictures  of  a  lOOOA  Si  thin  film  on  a  6OOOA  SiO,/  (100)  Si  substrate 
am^ealed  ,nv„lv,ng  a  top  seed  a,  525"C  for  23  hrs..  which  is  doped  withl^roi  m  8   c^JSs 
mSS^^  '  ""'  ^'"«  '""•"«'  ">^'«-  "icro^n-  (x7,3^00  ,  b)  ElL™ 
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a) 


Fig.58  Plan  view  TEM  dark  field  images  of  Fig.56  and  Fig.57  :  a)  Fig.56  ,  and  b)  Fig.57 
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Fig.  57  shows  a  single  grain  microstructure  which  was  caused  by  the  top  seeded 
crystallization.  In  Fig.  57,  the  morphology  of  the  bright  field  image  is  the  same  as  the 
previous  microstructure  in  Fig.49.  Its  electron  dif&action  is  a  (1 10)  zone  axis  diffraction 
pattern.  Fig.  58  shows  dark  field  images  of  both  microstructures.  In  Fig.58  a)  many  small 
crystalline  Si  particle  are  observed,  however,  in  b)  the  crystalline  Si  is  well  aligned  as 
one  structure.  From  this,  one  can  know  that  the  microstructure  of  top  seeded 
crystallization  is  distinguished  from  that  of  random  nucleation  and  growth. 
4-3-2.  HallMobilitv 

In  polycrysalline  silicon,  it  is  known  that  grain  boundaries  and  defects  act  as 
energy  barriers  and  carrier  trap  sites.  '^  Therefore,  the  mobility  of  carriers  in 
polycrystalline  silicon  is  degraded  compared  to  that  for  single  crystal  silicon.  The 
mobility  of  carriers  in  Ills  (Thin  Film  Transistors)  is  the  most  important  electrical 
parameter  in  that  it  determines  the  maximum  current  and  speed  of  signal  tranfer.  Hall 
mobility  measurements  are  very  useful  to  investigate  the  crystallinity  of  polycrystalline  Si 
and  predict  electrical  properties  of  TFT  which  v^dll  be  made  on  the  polycrystalline  Si 
thin  films.  According  to  Seto'^,  the  Hall  mobility  of  boron  doped  polycrystalline  Si  is 
usually  less  than  50  cm^/  V  sec.  The  mobility  of  polycrystalline  Si  crystallized  by  solid 
phase  growth  at  low  temperature  is  very  small  due  to  many  defects  inside  of  the  grains. 
The  mobility  in  amorphous  Si  is  much  lower  than  that  for  polycrystalline  Si.  For 
example,  it  is  about  1  cm^/  V  sec. 

Hall  mobility  measurements  were  done  for  several  different  samples,  including 
unseeded  random  nucleation  samples,  top  seeding  induced  crystallization  samples,  and  a 
single  crystal  n-type  Si  substrate.  The  results  are  shown  in  Fig.  59.  In  order  to  make  the 
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Fig.59  Hall  mobilities  of  various  samples  at  25°C. 


in 

measurement  possible  for  the  annealed  samples,  boron  was  doped  into  1000  A  thick 
amorphous  Si  on  Si02  at  a  concentration  of  Ixio'^/cm'  .  After  crystallization,  the 
samples  were  annealed  at  800  °C  for  30  sec  in  order  to  activate  the  dopant.  Each  sample 
was  measured  twice  with  switching  of  the  electrode  polarity.  Then,  the  both  values  were 
averaged.  The  average  Hall  mobility  for  an  n-type  single  crystal  Si  substrate  is  968  cm^/ 
V  sec  at  297.3°K.  As  comparison,  electron  drift  mobihty  is  1500  cm^/  V  sec ,  and  hole 
drift  mobility  is  450  cm^  /  V  sec  in  a  single  crystalline  Si.  For  the  samples  which  were 
crystallized  without  a  top  seed  at  525  °C  for  5  hours,  the  average  mobility  is  30  cm^/ 
Vsec.  In  the  case  of  the  top  seeding  induced  crystaUization  sample  at  525  °C  for  5  hours, 
it  is  1 82  cm^/  V  sec.  Its  mobility  is  almost  six  times  larger  than  that  of  the  randomly 
crystallized  samples  due  to  the  larger  grain  size. 
4-3-3.  AFM  Analvsis 

A  selective  wet  chemical  etch  method  was  used  to  examine  the  defect  density  in 
the  samples.  The  solution  is  the  so  called  Wright  etchant,  which  is  widely  used  to 
investigate  defects  in  the  semiconductor  indusry.  The  composition  of  the  solution  is  as 
follows  :  60  ml  cone.  HF(49%),  30  ml  cone.  HN03(69%),  30  ml  of  5  M  Ct03(1  g  C1O3  2 
ml  H2O),  2  g  Cu(N03)2  3H20(Reagent  Grade),  60  ml  cone.  CHjCOOH  acid(glacial),  and 
60  ml  HzCHdeionized).'^  This  solution  selectively  etches  defects  such  as  stacking  faults, 
dislocations,  grain  boundaries,  and  amorphous  Si.  Two  samples  were  etched  for  2 
seconds.  One  was  a  randomly  crystallized  polycrystalline  Si  sample  which  was  annealed 
at  600  °C  for  20  hours  without  a  seed.  The  other  is  a  top  seeded  sample  which  was 
annealed  at  550  °C  for  5  hrs.  After  etching,  the  surface  roughness  was  examined  with 
AFM(  Atomic  Force  Microscopy).  The  scanned  area  is  10  jim  x  10  ^m,  and  tapping 
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mode  in  which  the  measuring  tip  is  apart  from  the  surface  of  sample  to  avoid  a  direct 
contact,  is  used  to  measure  the  surface  morphology  and  roughness.  The  results  are  shown 
in  Figs.  60-65.  Fig.  60  shows  the  3D  graph  of  the  surface  roughness  in  the  randomly 
crystallized  sample.  A  rough  surface  is  seen.  The  measured  mean  roughness  is  0.456  imi 
and  the  root  mean  square  is  0.397  imi.  A  top  view  image  and  a  sectional  roughness  along 
the  diagonal  direction  in  the  scaimed  area  are  shown  in  Fig.  61  in  which  the  minimum 
points  may  be  grain  boundaries.  Therefore,  the  rough  surface  resulted  from  the  many 
grains  which  were  randomly  nucleated  and  grown  in  this  sample.  Fig.  62  shows  the  3D 
graph  of  the  surface  roughness  of  the  crystallized  area  in  the  top  seeded  sample.  Even 
though  there  are  some  extrusions  on  the  surface,  the  surface  is  quite  flat  compared  to  that 
of  the  unseeded  sample.  Its  measured  mean  roughness  (0.302  nm)  is  less  than  that  of  the 
unseeded  sample.  In  a  sectional  analysis  of  roughness  (Fig.  63),  it  is  much  smoother .  It  is 
difficult  to  find  any  grain  boundaries  .  The  sample  may  have  no  grain  boundaries  in  the 
investigated  area  and  less  defects.  For  comparison,  the  uncrystallized  area  in  the  top 
seeded  sample  was  also  anlayzed.  Fig.  64  shows  the  3D  graph  of  surface  roughness  of  the 
imcrystallized  area  within  the  same  top  seeded  sample.  It  is  very  rough  because  the 
uncrystallized  amorphous  Si  was  etched  away.  In  Fig.  65,  its  roughness  is  more  obvious. 
Fig.  70  shows  the  measured  roughness  in  the  samples.  In  this  graph,  even  the  crystallized 
area  of  the  seeded  sample  is  rougher  than  the  original  surface  of  the  as-deposited 
amorphous  Si  without  etching.  This  means  that  there  are  still  defects  in  the  crystallized 
area.  In  order  to  investigate  the  mechanism  of  induced  crystallization,  the  surface 
morphologies  of  the  as-deposited  amorphous  Si  thin  film  and  the  single  crystal  Si  top 
seed  are  very  important  because  both  sufaces  are  contacted  to  induce  crystallization  from 
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Fig.6 1  AFM  sectional  analysis  of  a  Si  thin  film  selectively  etched  using  Wright  etchant    after 
annealing  at  600°C  for  20  hrs.  without  a  seed. 
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Fig.63  AFM  sectional  analysis  of  a  Si  thin  film  selectively  etched  using  Wright  etchant 
after  annealing  at  550°C  for  5  hrs.  with  top  seed. 
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Fig.65  AFM  sectional  analysis  of  a  Si  thin  film  ,  which  were  not  crv'stallized  during  the 
anneal  ,  etched  using  Wright  etchant  after  annealing  at  550°C  for  5  hrs.  with  top  seed. 
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Fig.67  AFM  sectional  analysis  of  a  (100)  single  crystal  Si  substrate,  which  is  used  as  top 
seeds. 
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Fig.69  AFM  sectional  analysis  of  as-deposited  amorphous  Si 
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the  top  seed  to  the  amorphous  Si  layer.  Figs.  66  and  67  show  the  surface  rou^ess  of 

(100)  single  crystal  Si  seeds.  Its  surface  is  ahnost  perfectly  flat  except  for  some  lOA  high 

extrusions.  The  mean  surface  roughness  is  only  1  A  through  100  jtm^.  On  the  other  hand, 

the  as-deposited  amorphous  Si  on  Si02  has  a  rough  surface  compared  to  the  single  crystal 

Si  seed,  its  mean  surface  roughness  is  about  2  A.  The  root  mean  square  is  4  A.  It  has 

extrusions  whose  heights  are  3  times  larger  than  those  of  the  single  crystal  seed  Based 

on  these  observations,  we  can  assume  that  the  surfaces  touch  each  other  at  the  points  of 

the  extrusions  rather  than  across  the  entire  surface. 

4-3-4.  Surface  Roughened  Seed 

In  top  seeding  induced  crystallization,  the  biggest  challeng  is  to  make  uniformly 

crystallized  material  through  the  entire  surface  of  the  sample.  In  order  to  accomplish  this 

an  intimated  contact  is  necessary.  However,  in  reality,  it  is  very  diflfucult  to  achieve  this 

because  of  particles  on  the  surfaces  of  the  top  seed  and  the  amorphous  Si  layer.  Even  in  a 

very  clean  environment,  it  is  not  easy  to  eliminate  small  sized  particles  completely  from 

the  surfaces.  Therefore,  cleaning  the  surfaces  is  the  most  difficult  part  in  top  seeding 

experiments.  In  Fig.  71,  the  sample  which  had  been  aniwaled  at  550  °C  for  5  hours  with  a 

I 
flat  surface  top  seed,  then  selectively  etched  with  Wright  etchant  to  eliminate  the 

remaining  amorphous  Si,  was  analyzed  with  SEM.  The  uncrystallized  region  which  was 

etched  away  is  observed  in  Fig.  71.  |  *^ 

In  order  to  ease  particle  sensitivity,  an  intentionally  indented  surface  of  the  top 

seed  was  used.  This  indented  surface  may  make  a  homogenous  contact  because  possibly 

present  particles  may  be  located  at  lower  positions  i.e.  between  the  indented  structure  as 

seen  in  Fig.72.  In  order  to  make  an  indented  surface  in  the  top  seed,  a  single  crystal  Si 
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Fig.71  SEM  picture  of  a  1000  A  Si  thin  film  selectively  etched  using  Wright  etchant, 
which  was  annealed  at  550°C  for  5  hours  with  a  top  seed. 


126 


Fig.  72  Schematic  diagram  of  the  top  seeding  with  a  surface  roughned  seed 
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wafer  was  grinded  with  1  ^un  or  5  jam  AI2O3  polishing  powder.  Then,  the  surface 
roughened  single  crystal  Si  wafers  were  used  as  the  top  seeds  in  top  seeding 
ciystallization  at  550  °C  for  5  hours.  The  XRD  results  are  shown  in  Fig.  73.  They  diplay  a 
(1 10)  Si  peak.  The  peak  involving  the  5  ^im  roughened  seed  seems  somewhat  larger  than 
that  involving  the  1  nm  roughened  seed.  A  plan  view  TEM  observation  was  performed 
on  a  1  urn  roughened  seed  as  shown  in  Figs.  74  and  75.  The  electron  diffraction  shows  a 
(110)  zone  axis  pattern  like  that  for  a  flat  surface  top  seed.  In  the  dark  field  image. 
Fig. 75,  it  seems  that  almost  the  entire  observed  area  is  crystallized  and  is  aligned  well 
crystallographically.  Based  on  these  results,  it  can  be  concluded  that  the  roughened 
surface  seed  induces  crystallization  from  the  top  in  the  same  way  as  the  flat  surface  top 
seed  does.  Futhermore,  this  surface  roughened  seed  shows  better  reproducibility 
compared  to  the  flat  surface  top  seed  during  the  experiments. 
4-3-5.  Si  Self-Ion  Implantation  Effects 

As  above.  Si  self-ion  implantation  has  been  used  to  supress  random  nucleation  of 
amorphous  Si  on  insulator  in  solid  phase  crystallization.  In  order  to  investigate  Si  ion 
implantation  effects  in  top  seeding-induced  crystallization,  a  1000  A  thick  amorphous  Si 
thin  films  on  a  6000  A  thick  Si02  layer  was  implanted  with  Si  having  a  dose  of 
3x10  /cm    at  50keV.  Then,  the  samples  were  annealed  at  various  temperatures  and 
times.  They  were  analyzed  with  XRD  after  annealing.  The  results  are  shown  in  Figs. 
76,77,78,79,  and  80.  There  is  no  crystallization  up  to  24  hours  of  annealing  at  550  °C. 
Then,  at  625  °C,  the  Si  (1 10)  peak  is  seen  for  the  sample  annealed  for  10  hours.  Finally, 
at  650°C,  the  Si(l  10)  peak  is  detected  after  5  hours  of  anneahng.  However ,  there  were 


128 

no  Si  (1 1 1)  peaks  up  to  650°C  for  the  given  annealing  time.  When  the  Si  ion-implanted 

amorphous  Si  was  annealed  at  675 °C  for  10  hours,  it  showed  a  strong  Si  (1 1 1)  peak 

without  the  Si  ( 1 10)  peak.  From  the  XRD  data,  it  can  be  concluded  that  all  types  of 

crystallization  are  delayed  due  to  the  Si  ion  implantation.  A  plan  view  TEM  observation 

was  done  for  the  625  °C  10  hours  annealed  sample.  It  is  shown  in  Fig.  81.  Its 

microstructure  and  diffraction  pattern  are  the  same  as  that  of  the  non-implanted  sample. 

From  that,  we  conclude  that  the  Si  (110)  peak  comes  from  induced  crystallization.  Si 

ion  implantation  effects  on  crystallization  will  be  very  helpful  to  understand  the 

mechanism  of  crystallization  involving  top  seeding  and  random  nucleation  and  growth 

without  top  seeding .  This  will  be  discussed  later. 

4-3-6.  Post  Annealing  Effect 

Solid  phase  crystallization  of  amorphous  Si  at  low  temperature  is  known  to  produce 

grains  with  many  defects,  such  as  stacking  faults,  micro  twins,  and  dislocation  loops.  A 

tensile  stress  also  exists  due  to  volume  shrinkage  during  crystallization.  In  Fig.  82,  a  plan 

view  TEM  observation  of  a  top  seed  induced  crystallization  sample,  which  was  annealed 

at  550°C  for  5  hours  is  depicted  In  the  bright  field  image,  it  seems  that  there  are  many 

I 
defects  such  as  stacking  faults,  tangled  dislocations  and  a  very  strained  structure  even 

though  it  has  a  single  orientation  according  to  the  electron  diffraction  pattern.  In  order  to 

look  at  post  annealing  effects  after  the  crystallization  anneal,  the  sample  was  annealed  at 

a  high  temperature  of  1 150  °C  for  2  hours.  Its  microstructures  are  shown  in  Figs.  83  and 

84.  In  the  TEM  pictures,  it  seems  that  many  defects  still  exist,  but  the  elongation  of 

electron  diffraction  spots  is  reduced.  It  is  almost  close  to  a  perfect  single  crystal  pattern. 

At  least  stored  strain  might  be  released.  Dislocations  are  seen  in  Figs.  83  and  84.  Also, 
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a) 


l)am 


b) 

Fig.  74  Plan  view  TEM  pictures  of  a  1000 A  Si  thin  film  on  a  6OOOA  Si02/  (100)  Si 
substrate  annealed  at  550°C  for  5  hrs.  with  surface  roughened  top  seeds  of  l)am 
roughness  (x  7,300) 
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Fig.  75  Dark  field  images  of  Fig. 74  in  plan  view  TEM 
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Fig.82  Plan  view  TEM  pictures  of  a  lOOOA  Si  thin  film  on  a  6OOOA  Si02  /  (100)  Si 
substrate  annealed  at  550"C  for  5  hrs.  involving  a  top  seed  :  a)  x  100,000 ,  b)  x  50,000 , 
and  c)  (x50,000)  electron  diffraction  pattern 
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a) 


lum 


b) 


Fig.  83  Plan  view  TEM  pictures  of  a  postannealed  lOOOA  Si  thin  film  on  a  6000 A  Si02/  (100)  Si 
substrate  annealed  atl  150°C  for  5  hrs.  after  top  seeding  crystallization  at  550°C  for  5  hours 
(x7,300),  a)  bright  field  b)  electron  diffraction  pattern 


,^,    :„. 
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Fig.  84  Plan  view  TEM  pictures  of  a  postannealed  1000  A  Si  thin  film  on  a  6000  A  Si02  / 
(100)  Si  substrate  annealed  atl  150°C  for  5  hrs.  after  top  seeding  crystallization  at  550°C  for 
5  hours:  a)  x  1 00,000  ,  b)  x  50,000 ,  and  c)  electron  diflSraction  pattern  (  x  50,000  ) 
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Stacking  faults  and  moire  patterns  are  observed.  Therefore,  it  is  very  diffixcult  to  anneal 
out  the  defects  which  were  generated  at  low  temperature.  Another  difficulty  is  that  the 

thin  fibns  are  easily  oxidized  or  evaporated  during  annealing  at  temperature  as  high  as 

I 

1 150°C.  Therefore,  an  inert  gas  atmosphere  in  which  the  concentration  of  oxygen  and 
water  vapor  are  well  controlled,  is  necessary  for  the  high  temperature  annealing  rather 
than  vacuum  because  low  pressure  vacuum  causes  evaporation  of  the  Si  films. 
4-3-7  Time  Dependencv 

Time  dependence  of  the  induced  crystallization  was  investi^ted  at  550°C.  After 
the  samples  were  annealed,  they  were  analyzed  with  XRD  in  order  to  find  the  changes  in 
crystallinity.  The  results  are  shown  in  Figs.  85  and  86.  In  Fig.  85  one  can  see  the  changes 
of  (220)  peaks,  which  were  caused  by  the  crystallization,  as  the  annealing  time  increases. 
There  was  no  crystallization  until  2  hours  of  annealing  according  to  Fig.  85.  Induced 
crystallization  is  detected  at  3  hours  of  annealing,  but  there  was  no  (1 1 1)  type  random 
nucleation  up  to  5  hours  of  annealing.  In  order  to  get  better  sensitivity  to  the  (1 10)  Si 
peak,  step  scan  XRD  analyses  were  performed  in  the  range  of  2  0  =  46.5  ~  48.5  °,  as 

shown  in  Fig.  86.  In  Fig.  86,  we  can  see  the  crystallization  from  3  hours  annealing. 

i 
Therefore,  the  incubation  time  of  the  induced  crystallization  is  somewhere  between  2  and 

3  hours  at  550°C.  It  means  that  the  induced  crystallization  occurs  throughout  the 

nucleation  process. 

4-3-8.  Top  Seed  Crvstallographic  Orientation  Dependencv 

It  is  important  to  learn  how  a  top  seed  induces  crystallization  in  an  amorphous  Si 

layer.  Therefore,  dtfiFerently  oriented  single  crystal  Si  wafers  and  quartz  substrates  were 

used.  First,  in  order  to  decide  whether  the  induced  crystallization  results  from  stress 
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effects  due  to  top  seeding,  a  quartz  substrate  was  used  as  the  top  seed  during  the  anneal. 

The  XRD  analysis  result  is  shown  in  Fig.  87.  There  was  no  (110)  Si  peak  which  is  an 

indication  of  induced  crystallization.  Secondly,  (1 10)  and  (1 1 1)  plane  single  crystal 

wafers  were  used  as  the  seeds  to  see  the  seed  orientation  dependence  of  the 

crystallization.  They  were  annealed  at  550°C  for  5  hours,  and  then  analyzed  with  XRD. 

The  results  are  shown  in  Figs.  88  and  89.  From  XRD  analysis,  in  both  the  (110)  and 

I 
(1 1 1)  seeds,  the  plane  of  crystalline  Si  is  (1 10).  Therefore,  when  (1 10),  (1 1 1),  and  (100) 

planes  are  used  as  the  top  seed,  the  crystallized  Si  plane  is  (1 10)  regardless  of  the  seed 

orientation.  These  results  will  be  discussed  in  order  to  ellucidate  the  mechanism  of  the 

induced  crystallization  later. 
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CHAPTERS 
DISCUSSION 

5-1.  Estimation  of  the  Interfacial  Energy  between  Amorphous  Si 
and  Crystalline  Si 

The  nature  of  the  interface  between  amorphous  Si  and  crystalline  Si  is  not  well 

understood  yet  even  though  there  have  been  many  efforts  to  propose  an  interface 

model  and  to  determine  the  interfacial  energy.  The  interfacial  energy  is  an  especially 

critical  parameter  in  understanding  the  kinetics  of  crystallization  and  in  controlling 

the  phase  stability  of  amorphous  Si .  Many  researchers  reported  values  of  the 

1     ■ 
interfacial  energy  which  had  been  assessed  with  the  theoretical  calculation  from  the 

model  or  fitting  experimental  kinetic  data.^-^*'*^'"^  They  are  shown  in  Table  I.  Their 

values  range  from  100  erg/cm^  to  600erg/cm^.  Therefore,  a  more  reliable  estimate  is 

necessary  to  find  out  the  accurate  value.  Here,  we  will  use  fhe  measured 

thermodynamic  data  which  was  reported  by  Spaepen  and  the  activation  energies 

from  our  own  kinetic  data  for  the  crystallization  of  amorphous  Si  thin  films.  First  we 

need  to  compare  our  activation  energies  with  those  of  other  workers.  This  is  shown  in 

Table  n. 

In  classical  nucleation  theory,  if  the  nucleus  is  of  hemispherical  shape  at  the 

a-Si/Si02  interface,  and  the  strain  energy  is  ignored,  the  Gibbs  free  energy  of  forming 

the  critical  nucleus  can  be  exjM-essed  as  follows: 

AGw*=   (87C-Yac'  )/(3AGv''')  (1) 
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Table  0.  Previously  reported  interfacial  energy  of  a-Si  /  c-Si 
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Reference 

J.Y.Tsao 
etal(106) 

R.F.Wood 
etal(107) 

D.  Stock  et 
al  (108) 

Sinclair  et 
al  (28) 

Spaepen 
(26) 

K.N.  Tu 
(109) 

Yac 

(ergs/cm^) 

112 

219-275 

125 

600 

310 

480 

ISO 


Table  ID.  Comparison  with  other's  works  in  activation  energies  of  solid  phase 
ciystallization  without  seed 


Act.eng. 
of  t  (eV] 

Act.eng. 
of  v„  (eV] 

Act.eng. 
oflst(eV) 

Underlay- 
ers 

Thickness 
of  a-Si  (A) 

Temp. 
(°C) 

Reference 

3.3 

3.1 

* 

Qiwrtz 

1,3000 

658-594 

R-Bisaro 
etal  (33) 

3.9 

3.2 

* 

SiOj/Si 

1000 

1 

600-540 

W.Wuet 
al(47) 

3.61 

* 

* 

Quartz 

10,000 

680-630 

M.Suzuki 
etal(llO) 

2.7 

3.3 

5.1 

SiOa  /  Si 

1000 

640-580 

R.  Iverson 
(17) 

3.4 

2.7 

5.5 

c-Si 

* 

1 

* 

K.N.TU 
(109) 

* 

2.4 

4.9 

Quartz 

2000 

600 

K.Zellama 
(19) 

3.97 

3.7 

5.6 

SiOz/Si 

300-1000 

650-575 

ours 

ISI 

where  Yac   is  the  interfacial  energy  between  a-Si  and  c-Si,  and  AGv°"  is  the  change  of 

Gibbs  free  energy  in  the  phase  transformation  from  a-Si  to  c-Si. 

From  equation.(  1  )  Yac  is  derived  as  follows: 

Yac  =  N(  3  AGv~^-AGk*  /  871  )  (  2  ) 

In  order  to  find  the  value  of  the  interfacial  energy  between  a-Si  and  c-Si,  the 

Gibbs  free  energy  change  due  to  the  crystallization,  AGy"",  and  the  Gibbs  free  energy 

i 
of  forming  a  critical  nucleus,  AG^*  ,  should  be  known.  In  the  previous  review  section, 

we  discussed  Donovan  et  al's  work  in  the  measurement  of  the  heat  of  crystallization , 

(AHac=l  1 .9  kJ  /mol ) ,  utilizing  differential  scanning  calorimetry  and  the  excess 

1 
configuration  entropy  of  an  ideal  four  coordinated  Si  random  network ,  ASac=0.2R , 

calculated  by  Spaepen.  If  we  adopt  their  work  in  determination  of  the  Gibbs  free 

energy  change  in  the  phase  transformation  of  a-Si  to  c-Si,  AGv"  is 

AG/'^CT)  =  AHac-T-ASae(T) 

T 

=  AHac  -T(ASac"  +  J    (ACp/T)-dT  (3) 

However,  the  heat  capacity  differences  (ACp)  are  not  known.  Therefore,  Donovan  et 
al  assumed  two  cases:  (1)  ACp=0  for  all  temperatures ,  (2)  ACp=  -0.024+  4.8  (T/ 
1685)  J/mol-K. 

When  ACp=0,  then  AGv"'  is  10.448  KJ/mol-K  at  600**C.  For  the  other  case 
(ACp=  -0.024+  4.8  (T/ 1685  )  J/mol-K)  AGv"'  is  9.6KJ/mol-K  at  600°C. 

Still,  we  need  to  know  AG^*,  the  Gibbs  free  energy  of  forming  a  critical  nucleus. 
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According  to  the  classical  nucleation  theory,  as  reviewed  above,  the  steady  state 
nucIeatioD  rate  is  given  by 

Jk=Z-pk-Ck°  (4) 

where  Z  is  Zedovich  factor,  p^  is  a  frequency  of  impingement  of  an  atom  on  a  cluster 
of  size  k,  Ck  is  the  equilibrium  concentration  of  critical  nuclei,  Q  =  Ci  exp  ( - 
AGk*/kT). 
Thus, 


Jk=  ZPk-  C,exp(  -  AGk*/kT) 


Pk  is  expressed  by 


(5) 


,2/3- 


pk=i/6r(Sk/n^  )  I 

where  r  is  the  jump  fipequency  of  a  Si  atom  ,  Q  is  the  atomic  volume,  Sk  is  the  surface 
area  of  the  critical  nucleus.  The  temperature  dependence  of  T  can  be  given  by 

r  =  r„exp(-Q/kT)  (6) 

The  activation  energy,  Q,  is  same  as  Qg  which  is  the  activation  energy  of  grain  growth 
rate  because  the  growth  rate,  the  rate  at  which  the  a-Si/c-Si  interface  moves,  is  given 

Vg=  A-8-n,-ro-exp(  -  Q  /  kT  )•  (  1  -  exp(  -  AGv  "^  /  kT )  (7) 

where  A  is  an  accommodation  factor,  5  is  the  jump  distance  of  an  atom  at  the 

interface,  n^  is  the  interface  atomic  density,  AGy""  is  the  free  energy  change  of  the 

phase  transformation  from  a-Si  to  c-Si.  If  AGv"*" »  kT ,  it  can  be  approximated  as 

! 
follows: 

Vg-A-5rexp(-Q/kT) 
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=Vg*'exp(-Qg/kT) 
Therefore,  Q  is  replaced  by  Qg 
Finally, 


Jk=Zl/6Sk/n^roC,**exp[  -(Qg+AGk*)/kT  ] 


(8) 


=Jk'"  exp  (-Qnucle) 


(9) 


Thus, 


Qmicl^Qg  +  AGk* 

AGk*  =  Qnuci  -  Qg  (10) 

From  the  kinetic  data ,  Q^^  =5.6eV,  and  Qg=3.7eV,  the  value  of  AG^*  is  acquired  as 
1.9eV.  Therefore,  if  AGv""  and  AG^*  are  inserted  into  eqn.(10)  to  find  the  interfacial 
energy,  y^c  at  eWC. 
for  ACp=0  Yae  =  300  erg/cm^ 

for  ACp=  -0.024  +  4.8  ( T  / 1685  )    y  ac  =  283  erg/cml 

These  values  are  very  close  to  Spaepen's  value,  3 10  erg/cm^ ,  which  was  estimated 
from  the  built  model  of  the  a-Si  /(111)  c-Si  interface.  In  our  experiment ,  the 
preferred  orientation  of  grains  in  random  nucleation  and  growth  is  <1 1 1>.  Therefore, 
our  experimentally  acquired  value  of  the  interfacial  energy  supports  strongly 
Spaepen's  model  that  across  the  a-Si  /  c-Si  interface  Si  atoms  have  good  bonding 
without  any  dangling  bonds.  ' 
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5-2.  Estimation  of  Size  of  a  Critical  Nucleus  in  Solid  phase 
Crystallization  of  a-Si 

The  estimated  interfacial  energy,  y^ ,  makes  it  possible  to  calculate  the  size  of  a 

critical  nucleus  in  solid  phase  crystallization  without  any  seed  based  on  the  classical 

nucleation  theory.  In  order  to  find  the  size  of  the  critical  nucleus ,  assumptions  are 

made.  These  are 

(1)  The  strain  energy  term  is  small  enough  to  be  ignored. 

(2)  The  interfacial  energy  between  Si  thin  films  and  SiOj  is  not  changed  before  and 
after  the  crystallization.  j  < 

(3)  The  nucleus  has  a  hemispherical  shape  at  the  interface  between  a-Si  and  Si02. 
Based  on  these  assumptions,  the  size  of  the  critical  nucleus ,  k,  can  be  expressed  by 

k=167ryJ/3(AGv'^)'-Q  (11) 

where  Yac  is  the  interfacial  energy  of  a-Si  /  c-Si,  Q  is  the  atomic  volume  of  Si,  and 

AGv**^  is  the  Gibbs  free  energy  change  due  to  the  phase  transformation  from  a-Si  to  c- 

I 
Si  j 

If  Yac  is  283  erg  /  cm^ ,  the  size  of  the  critical  nucleus,  k,  is  37.83  atoms  at  600°C. 

Otherwise,  k  is  34.96  atoms  for  Yac  =300  erg/cm^  at  600°C.  Therefore,  the  number  of 

Si  atoms  in  the  critical  nucleus  may  be  in  the  range  of  34.96  ~  37.83  at  600°C.  If  this 

is  converted  to  a  radius  of  the  critical  nucleus ,  r*,  the  result  is  in  the  range 

6.09-7.13  A. 
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5-3.  Examination  of  the  Origin  of  Crystallization 
in  Random  Nucleation  and  Growth 

In  this  section,  the  origin  of  nucleation  in  crystallization  without  a  seed  will  be 

discussed  based  on  our  experimental  results.  As  was  reviewed,  there  are  two 

suggested  models  to  explain  solid  phase  crystallization  from  amorphous  Si  on 

insulator .  They  are  the  pre-existing  microcrystallites  theory  and  the  random 

nucleation  theory.  Here,  in  order  to  examine  the  origin,  the  amorphous  Si  thin  film's 

thickness  dependence  on  crystallization  time  is  investigated.  In  Avrami's  equation  of 

the  crystallized  volume,  the  thickness  dependency  can  be  predicted.  If  the  growing 

mode  is  2-dimensional  and  the  pre-existing  microcrystallites  are  the  origin  of  the 

crystallization,  the  time  dependency  of  the  crystallized  volume  can  be  derived  like 

below. 

The  crystallized  volume  fraction  is  given  by 

X=l-exp(-Ve«/V)  (12) 

where  Vgxt  is  the  extended  volume  ,  V  is  the  volume  of  the  a-Si  films 

V«./V=C«.7i.(Vg-t)'-d  (13) 

where  C^t  is  the  number  of  microcrystallites  per  unit  volume,  Vg  is  the  growth  rate,  t 

is  the  armealing  time,  and  d  is  the  thickness  of  the  films. 

If  eqn.(  13  )  is  inserted  into  eqn.  ( 12  ) 

X=l-exp(-Q„,-:rVgVd)  ,  (14) 

Vg  is  replaced  by  Vg"  exp  ( -  Qg  /  kT  )  and  eqn  (14  )  is  expressed  by  logarithmic 

conversion 

In  [  1  /  (1-x )  ]  =  -C,^  •7rvg°'t'dexp  ( -  2  Qg  /  kT  ) .  ( 15  ) 
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From  eqn.  ( 15  ),  the  crystallization  time  for  the  specific  volume  Auction ,  t,  is 

t  =  [l/(Qoc-7tV'<i).ln(l/(l-x)>exp(Qg/kT)]  (16) 

When  X  =  0.5  ,  t  is  the  median  ciystallization  time ,  tso . 

tso  =  0.693  .[  1  /  (  Cto.-7cVg'''-d )  ]exp  ( Qg/  IcT  )  (  17 ) 

According  to  eqn.  ( 17 ),  as  the  thickness  of  the  film  increases,  the  median 

crystallization  time  should  decrease.  However,  if  the  growing  mode  is  3- 

dimensional,  the  thickness  of  a-Si  films  does  not  affect  the  crystallization.  Therefore, 

tso  is  independent  of  the  thickness. 

In  the  random  nucleation  model,  the  thickness  dependence  of  the  crystallization 

time  can  be  predicted  with  the  same  method.  For  a  2-dimensional  growth  mode,  Vgxt 

/  V  is  given  by 

Vex,/V  =  (7l-U-VgV)/3  (18) 

where  Igo  is  the  nucleation  rate  per  unit  area. 

I 

If  eqn.(  1 8  )  is  put  into  eqiL  ( 12  ),  and  logarithm  of  eqn.  (12  )  is  used,  the  median 

crystallization  time  becomes 

t5o  =  0.693[3/(7rI^V)].exp[(Q„^,  +  2Qg)/(3kT)].  (19) 

Since  eqn.(  19 )  does  not  include  the  film  thickness,  the  median  crystallization  time 

should  be  constant  for  any  film  thickness. 

On  the  other  hand,  in  a  3-dimensional  growth  mode,  Vexi  /  V  is  given  by 

Vext/V=[(7t.l3,VgV)/3]  (20) 

where  1st  is  the  steady  state  nucleation  rate  per  unit  volume 
1st  can  be  expressed  as  follows: 
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Ist  =  l«,/d  (21) 

where  Iso  is  the  nucleation  rate  per  unit  area ,  d  is  the  fihn  thickness. 
If  eqn.(  20  )  and  eqn.  ( 21  )  are  inserted  into  eqn.  ( 12  ) ,  and  the  logarithm  of  eqn. 
(12)  is  taken,  the  median  crystallization  time  becomes 

t5o  =  0.693.[3d/(7r-Wvg''')].exp[(Q™^,  +  3Qg)/(4kT)]  .  (22) 

Therefore,  if  the  film  thickness  increases,  the  median  ciystallization  time,  tjo  will 
increase. 

According  to  our  experimental  results,  the  median  crystallization  time  increases 
as  the  thickness  of  the  amorphous  Si  thin  film  becomes  thicker.  This  means  that  the 
crystallization  of  amorphous  Si  without  a  seed  occurs  by  a  nucleation  and  growth 

process  rather  than  only  growth  firom  the  pre-existing  microcrystallites.  As  the 

I 
thickness  of  the  amorphous  Si  layer  increases,  the  incubation  becomes  longer.  For 

example,  at  600°C,  the  incubation  time  is  doubled  for  a  lOOOA  thick  film  compared 

to  that  of  a  500A  thick  one.  When  the  light  penetration  depth  is  considered,  the  late 

detection  of  the  crystallization  in  1000  A  may  be  caused  by  the  time  delay  that  takes 

for  the  c-Si  particles ,  which  were  nucleated  at  the  Si/SiOz  to  reach  the  certain  depth 

I 
at  which  they  can  be  detected.  From  a  cross-sectional  TEM  analysis  for  the  partially 

crystallized  sample  (Fig.92),  the  c-Si  grain,  which  is  in  the  middle  of  growing  process 

fi-om  the  Si/SiOa  interface  to  the  top  free  surace,  was  found.  It  means  that  the 

unseeded  crystallization  may  initiate  at  the  Si/Si02  interface. 

In  addition  to  the  thickness  effects,  there  is  more  support  for  the  random 

nucleation  and  growth  model.  This  is  the  Si  self  ion  implantation  effect  on  top 

seeding  induced  crystallization.  Si  self-ion  implantation  has  been  used  to  delay  the 
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crystallization  process  for  larger  grain  sizes  as  reviewed  above.  This  Si  implantation 
effect  on  the  crystallization  has  been  considered  as  the  evidence  which  supports  the 
pre-existing  microcrystallites  because  it  was  believed  that  the  Si  ion  had  destroyed 
the  pre-existing  microcrystallites,  and  then  the  crystallization  occurred  by  random 
nucleation  and  growth  instead  of  growth  from  the  [we-existing  microcrystallites.  This 
would  result  in  a  longer  time  lag  in  the  crystallization.  In  our  experiment.  Si  ion 
implantation  delays  not  only  the  imseeded  crystallization  but  also  the  top  seeding 
induced  crystallization.  The  top  seeding  induced  crystallization  does  not  occur  by  the 
growth  of  jM-e-existing  microcrystallites  because  it  cannot  happen  without  top  seeds. 
This  means  that  the  effect  of  Si  ion  implantation  is  not  to  break  up  the  pre-existing 
microcrystallites.  It  may  affect  the  nucleation  kinetics  in  some  way,  because  both  the 
induced  crystallization  and  the  unseeded  crystallization  are  delayed  by  Si 
implantation.  Based  on  this  observation,  at  least  we  can  know  that  the  unseeded 
crystallization  does  not  come  from  growth  of  the  pre-existing  microcrystallites. 
Therefore,  the  only  remaining  explanation  is  the  nucleation  and  growth  model  for  the 
origin  of  the  unseeded  crystallizatioa 

5-4.  Si  Self-Ion  Implantation  Effect  on  Suppression  of 
Crystallization  of  Amorphous  Si 

In  order  to  increase  the  grain  sizes  of  the  solid  phase  crystallized  Si  thin  films  on 

insulator.  Si  self-ion  implantation  has  been  implemented.  Si  implantation  increases 

the  crystallization  temperature  and  the  incubation  time  of  the  crystallization 

significantly  according  to  our  results.  So  far,  as  the  mechanism  of  this  phenomenon, 

two  models  have  been  suggested.'*^'"  Wuetal.*'  proposed  that  oxygen  atoms 
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recoiled  from  underlying  Si02  due  to  Si  implantation  could  hamper  the  nucleation  of 

crystalline  Si  at  the  interface  of  a-Si  and  SiOa.  However,  this  model  cannot  explain 

our  experimental  results  because  the  top  seeding  induced  crystallization  is  not 

I 
affected  by  the  possible  recoiled  oxygen  atoms  from  the  underlying  Si02.  Therefore, 

this  recoiled  oxygen  model  is  not  reasonable.  The  other  is  that  pre-existing 

microcrystallite  Si  at  the  interface  of  a-Si  /Si02  could  be  destroyed  by  Si  ion 

implantation.  However,  this  model  cannot  explain  the  delay  of  the  induced 

crystalUzation  after  Si  implantation. 

Therefore,  a  new  explanation  is  necessary  to  understand  the  delay  in  both  the  top 
seeding  induced  crystallization  and  the  unseeded  random  crystallization  Here,  we 
suggest  the  new  model  that  Si  self  ion  implantation  make  as-deposited  amorphous  Si 
thin  films  less  dense  by  desfroying  the  network  of  Si  bonds  and  generating  more 
vacant  sites  by  knocking  off  the  Si  atoms.  The  less  dense  Si  implanted  amorphous  Si 
thin  fihns  will  shrink  more  during  crystallization  compared  to  non-implanted 
amorphous  Si.  It  is  well  known  that  the  density  of  amorphous  Si  is  smaller  than  that 
of  crystalline  Si .'"  According  to  Veprek  et  al  "^,  the  change  of  lattice  parameters, 
(Ad  /  do )  during  the  crystallization  is  1-2%.  Therefore,  the  Si  implanted  amorphous 
Si  may  have  more  volume  change  compared  to  the  as-deposited  amorphous  Si  after 
the  crystallization.  | 

In  order  to  examine  the  plausibility  of  this  suggested  model,  the  classical 
nucleation  theory  and  the  estimated  thermodynamic  data  will  be  used  in  simulating  a 
change  of  the  incubation  time  of  the  crystallization  due  to  the  differences  in  the 
volume  shrinkage.  In  the  previous  discussion  about  the  classical  nucleation  theory. 
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we  assumed  that  the  strain  energy  term  can  be  neglected.  Here,  however,  the  strain 
energy  term  is  taken  into  account  for  the  simulation.  If  the  strain  energy  term  is 
included,  eqn.(5)  of  the  review  chapter,  the  Gibbs  free  energy  change  due  to 
formation  of  an  n-mer  of  c-Si  phase,  is  modified  as  follows: 

AG„  =  -AG,'"Qn  +  Yac  g (QyO^-n^  +  AG ~Q-n  ( 23  ) 

where  AGv""  is  the  Gibbs  free  energy  difference  per  unit  volume  due  to  the 
crystallization,  y^  is  the  surface  energy,  AGg"*  is  the  strain  energy  per  unit  volume, 
and  Q  is  the  atomic  volimie. 

From  eqn.(  23  ),  the  free  energy  of  forming  a  critical  nucleus  is  derived  as  follows; 
AGk*=    l/2-k-Q-(AGv'"'-AGe'^).  (24) 

i 

The  2nd  derivative  at  n=k,  (a^AG„  /dn^),  is 

(a^AG„/an')r4c  =  -2/3.(AGk*/k')  (25) 

In  the  kinetics  of  nucleation,  the  incubation  time,T ,  is  expressed  by  eqn.(23)  of  the 
review  chapter 

X  =  -8kBT/Pk(5^AG„/an^)„=k  (26) 

Therefore,  At,  the  difference  of  the  incubation  times  between  the  as-deposited 
amorphous  Si  and  the  Si  implanted  amorphous  Si  can  be  simulated  by  assumption  of 

the  difference  of  the  volume  change  af^er  the  crystallization.  Based  on  eqn.(  25  )  and 

I 
eqn.(26).  At  can  be  derived  as  follows: 

At  /Tas-<lepo  ~  (  1  unplanled  "  ^as-depo  )  '  "^as-depo  (  27  ) 

= -1  +  [-8  keT  /  Pk  (a'AGn  /  a  n^  )  ^]„,^^  /  [ -8  keT  /  Pk  (a'AG„  /  a  n' )  ^as^ 
If  we  assume  the  jump  frequencies  as  pt,  .^^lepo  =  Pk,  nnpUntcd 
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I 
If  eqn.(  25  )  and  (  28 )  are  inserted  into  eqn.(  27 ) 

Ax/T3s^=[(AGk*/k'),3.Jepo/(AGk*/k2)^,^]-l 

=  {[(  AGv'^-AG€'")/k].,^/[(  AGv"'-AGe~)/k]„„pu^}-l  (29) 
So,  in  order  to  simulate  At  ,  we  need  to  know  k ,  the  number  of  atoms  in  a  critical 
nucleus,  and  the  strain  energy.  As  we  reviewed,  (Ad  /  do ),  the  change  of  lattice 
parameters  during  the  crystallization,  is  known  as  1-2%.  Therefore,  for  the  purpose 
of  simulating  the  change  of  the  incubation  time  due  to  the  difference  of  volume 
shrinkage,  (AV  /  Vo ),  the  values  of  (Ad  /  d^  )  are  assumed  as  1%  for  the  as-deposited 
a-Si,  and  2%  for  the  Si  implanted  a-Si.  The  volume  shrinkage ,  (AV  /  Vo ),  is 
expressed  as  3  (Ad  /  do ).  So,  (AV  /  V„ )  of  the  as-deposited  a-Si  is  3%,  the  other  is 
6%.  Generally,  strain  energy  per  unit  mole ,  AG^^ ,  is  given  by 
AG~=l/2-V^-B.(AV/Vo)'  j  (30) 

where  V^,e  is  molar  volume  of  solid  silicon,  V„K>ie  =  12cm' ,  B  is  Young  modulus  of 
crystalline  Si,  B=  1.67E12  dyne  /  cm^ ."' 

Based  on  the  assumption  and  eqn.(  30  ),  the  values  of  the  strain  energy  are 
0.901kJ/mol  for  (Ad  /  do  )=  1%,  and  3.607  kJ/mole  for  (Ad  /  do  )=  2%.  In  order  to  find 
k,  the  number  of  atoms  in  a  critical  nucleus,  the  same  method  is  used  as  in  the 
previous  section  with  the  interfacial  energy  of  a-Si/  c-Si,  y^c  =300erg  /cm^  and  AGv" 
=  10.448  kJ/mole  at  600°C.  The  values  of  k  are  | 
for   (Ad  /  do  )=  1%,  AGv""  -  AG/"  =  9.547k  J/mole  k  =  45.824 

for   (Ad/do)=2%,    AGv'^-AGe'^  =  6.841k  J/mole  k=  124.54      . 
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These  values  are  put  into  eqn.(  29  )  to  simulate  At  /x^^i^  ,the  differential  fraction  of 
the  incubation  time  between  the  as-deposited  a-Si  and  the  Si  ion  implanted,  if  (Ad  / 
do )  of  the  as-deposited  a-Si  is  1%  and  (Ad  /  do )  of  the  Si  implanted  is  2%.  Then  the 
simulated  value  of  Ax  /Xasnicpo.  is  2.79283.  Therefore ,  if  the  difference  of  (Ad  /  d„  ) 
between  the  as-deposit  and  the  Si  implanted  is  1%,  the  incubation  time  of  the  Si 
implanted  a-Si  is  expected  to  be  delayed  4  times  longer  than  that  of  the  as-deposited 
a-Si.  As  we  simulated,  a  small  difference  of  the  lattice  parameter  can  cause  a  long 
time  delay  in  the  crystallization.  Therefore,  the  newly  suggested  model  can  explain 

the  suppression  of  both  the  top  seeding  induced  crystallization  and  the  unseeded 

t 

random  crystallization  due  to  Si  self  ion  implantation. 

5-5.  Origin  of  Top  Seeding  Induced  Crystallization 
of  a-Si  Thin  Films  on  Insulators 

From  our  experiments,  a  new  kind  of  crystallization  was  found  when  single 
crystal  Si  is  used  as  a  seed  on  top  of  the  amorphous  Si  thin  films  on  insulators.  If 
there  is  no  seed,  solid  phase  crystallization  in  the  amorphous  Si  thin  fihns  on 
insulators  occurs  through  a  process  of  random  nucleation  and  growth,  which  can 
result  in  the  typical  polycrystalline  microstructure.  There  is  a  long  time  lag  before  the 
random  nucleation  occurs  at  a  low  annealing  temperature. 

According  to  our  results,  the  preferred  texture  of  grains  resulting  from  the 
unseeded  random  crystallization  is  <111>  in  the  range  of  550~800°C.  Compared  to 
this  unseeded  crystallization,  the  top  seeding  induced  crystallization  has  a  much 
shorter  time  lag  for  the  crystallizatioiL  Furthermore,  its  crystallinity  is  much  better 
than  that  of  the  unseeded  crystallization,  as  shown  in  the  results. 
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Therefore,  this  novel  technique  to  crystallize  amorphous  Si  thin  films  on 
insulators  can  meet  simultaneously  the  demands  which  the  LCD  (  Liquid  Crystal 
Diplay )  industries  are  desperately  asking  to  imj^ove  the  performance  of  thin  film 
transistors(TFT)  and  to  make  a  process  compatible  with  a  low  melting  temperature 
glass  substrate.  It  can  reduce  the  thermal  budget  of  the  process  by  inducing 
crystallization  at  lower  annealing  temperature  for  a  much  shorter  period  In  addition 
to  that,  it  can  provide  much  better  crystallinity,  which  improves  the  electrical 
properties  of  TFT,  such  as  high  driving  current,  low  leakage  current ,  and  better  oxide 
integrity. 

This  top  seeding  induced  crystallization  may  be  very  different  fi-om  the  unseeded 
random  crystallization  in  the  origin  of  crystallization.  The  orientation  normal  to  the 
surface  plane  of  the  induced  crystallization  is  <1 10>  compared  to  <1 1 1>  in  the 
unseeded  crystallization.  Also,  the  resulting  microstructure  is  much  different  from 
that  of  typical  polyciystalline  Si.  The  crystallization  initiated  from  the  top  surface  of 
the  a-Si  to  the  Si/SiOa  ( Figs.93, 94, 95  ).  Even  though  the  single  crystal  Si  seed  is 
used  to  induce  the  crystallization,  there  is  no  evidence  of  epitaxial  solid  phase  growth 
from  the  top  single  crystal  Si  seed  For  example,  when  (100)  Si  is  used  as  the  seed, 
the  (1 10)  plane  is  acquired  after  crystallization.  Also,  during  the  anneal  there  is  a  time 
lag  which  is  a  typical  indication  of  a  nucleation  process.  Therefore,  based  on  these 
facts,  it  is  obvious  that  epitaxial  growth  from  the  top  seed  does  not  occur  during  the 
induced  crystallization. 

We  can  suggest  several  reasons  for  the  absence  of  epitaxial  growth  for  that 
condition,  even  though  the  epitaxial  regrowth  in  an  amorphous  Si  layer  on  a  single 


crystal  Si  substrate  is  known  to  occur  at  a  temperature  lower  than  SSCC.  In  the  top 
seeding  technique,  the  seed  is  contacted  to  the  amorphous  Si  thin  films  on  SiOa  with 
mechanical  force.  Therefore,  the  distance  between  crystalline  Si  atoms  of  the  seed 
and  amorphous  Si  atoms  at  the  interface  may  not  be  as  close  as  a  jumping  distance  of 
Si  atoms,  wliich  is  necessary  for  the  a-Si/c-Si  interface  to  move  in  epitaxial  regrowth. 

Also,  according  to  the  estimated  interfacial  energy  and  Spaepen's  interface  model , 

i  - 

through  the  interface  between  a-Si  and  c-Si,  there  are  a-Si  atoms  and  c-Si  atoms  well 

connected  to  each  other.  According  to  Spaepen's  model  of  the  a-Si  and  c-Si  interface, 

there  are  no  dangling  bonds  through  the  interface.  In  order  to  advance  the  interface, 

the  a-Si  atoms  just  rearrange  the  bonds  to  make  six  fold  rings  which  is  the  bonding 

pattern  of  crystalline  Si,  fi-om  5-7  fold  rings  of  a-Si.  According  to  the  estimation  of 

Saito  et  al    in  Figs.  90  and  91,  during  the  bond  rearrangement  process  the  maximimfi 

atomic  displacement  is  less  than  1  A,  which  is  smaller  than  half  of  the  Si-Si  bond 

length  in  c-Si.  Based  on  these  models,  it  is  hard  to  expect  epitaxial  regrowth  fi-om  the 

top  seed  to  the  a-Si  thin  film  because  at  least  their  separation  at  the  interface  may  be 

larger  than  1 A  at  550°C.  For  epitaxial  growth  ,the  bonding  between  the  surface  of 

I 
the  a-Si  layer  and  the  surface  of  the  seed  should  be  very  solid  before  any  advance  of 

the  interface.  At  550°C,  it  may  be  difficult  to  make  such  solid  bonding  with  a 

mechanical  contact  method.  In  additional  to  that,  surface  reconstruction  in  the  surface 

of  the  seed  might  affect  the  epitaxial  growth.  Therefore,  the  only  possible  way  of 

induced  crystallization  is  nucleation  and  growth.  If  the  induced  crystallization  occurs 

1 
through  the  nucleation  and  growth  process,  the  next  question  is  how  the  seed 
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(1)       (2)       (3)        (A)       (5)       (6)       (7) 
STEP  OF   REARRANGEMENT 


(8)       (9) 


Fig.91  Atomic  displacement  for  atoms  B  and  D  in  Fig.90  during  the  bond  rearrangement 
process(  from  Saito  et  al's^'  ). 
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Fig.92  Cross-sectional  TEM  of  an  unseeded  and  partially  crystalli2ed  500  A  thick  Si 
thin  film  on  a  6000  A  thick  Si02  /  (100)  Si  substrate  annealed  at  575°C  for  7 
hours  in  N2  atmosphere  ( volume  firaction  =  0.7):  a)  Magnification  x  200,000 ,  b) 
Enlarged  picture  from  a) 
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Fig.93  Cross-sectional  TEM  of  a  partially  crystallized  region  in  a  top  seeded  lOOOA  thick 
Si  thin  film  on  a  6000  A  thick  SiOz  /  (100)  Si  substrate  annealed  at  550°C  for 
Shours:  a)  Magnification  x  250,000,  b)  Magnification  x  1000,000  ( top  region ) 
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Fig.94  Enlarged  picture  from  Fig.92  b).  It  shows  the  top  suface  region  of  the  seeded 
sample 
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Fig.95  Cross-sectional  TEM  of  a  fully  crystallized  region  in  a  top  seeded  lOOOA  thick 
Si  thin  film  on  a  6000  A  thick  SiOj  /  (100)  Si  substrate  annealed  at  550°C  for 
Shours:  a)  Magnification  x  250,000,  b)  Electron  diffraction  pattern 
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influences  the  formation  of  nucleation  at  the  top  sur&ce  of  the  amorphous  Si.  The 

i 
first  possibility  is  a  stress  effect.  Since  the  contact  is  made  mechanically,  stress  may 

be  induced  at  the  surface  of  the  a-Si  fibns.  There  is  some  chance  that  the  induced 

stress  might  reduce  the  energy  of  forming  a  nucleus.  However,  even  if  it  happens,  it 

still  cannot  explain  the  formation  of  <1 10>  oriented  very  large  size  crystalline  Si. 

According  to  the  experimental  results,  when  a  quartz  substrate  is  used  as  a  seed,  there 

was  no  induced  crystallization  for  the  same  armealing  condition.  Therefore,  the  stress 

due  to  the  mechanical  contact  is  not  the  cause  of  the  top  seeding-induced 

crystallization. 

The  other  possibility  is  that  the  interfacial  energy  of  a  nucleus  at  the  contacted 
interface  with  the  seed  is  reduced  by  forming  a  low  energy  boundary  with  the  seed 
like  a  special  grain  boundary  between  two  grains.  Some  special  misorientation 
between  two  contacted  crystals  can  reduce  the  interfacial  energy  dramatically 
compared  to  random  misorientation  between  them  because  the  result  is  two  crystals 
matched  very  well  without  dangling  bonds. 

In  the  previous  discussion  about  the  mechanism  of  nucleation,  the  interfacial 
energy  term  was  limited  to  the  interfacial  energy  between  a-Si  and  c-Si.  However,  if 
the  nucleation  occurs  at  the  top  surface  of  the  amorphous  Si  layer  with  the  contacted 
single  crystal  Si,  the  interfacial  energy  between  the  seed  and  the  amorphous  Si  will  be 
changed  after  the  crystallization.  Therefore,  the  interfacial  energy  of  the  seed/a-Si  has 
to  be  taken  into  account  when  considering  the  kinetics  of  nucleation  at  the  interface. 
According  to  the  kinetics  of  the  classical  nucleation  theory,  the  Gibbs  free  energy 
change  due  to  formation  of  the  n-mer  nucleus 
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AG„=  -V.(AGv"-AGe"')  +  lYiAi         .  (31) 

If  the  elastic  energy,  AGe**',  is  independent  on  the  crystallographic  plane  of  the 
nucleus,  the  Gibbs  free  energy,  AGn ,  is  determined  by  the  interfacial  energy  term, 
ZYj-Aj.  Therefore,  in  order  to  have  a  smaller  energy  barrier  for  nucleation,  the 
interfacial  energy  term,  Z  yjAi,  should  be  minimized.  In  the  interfacial  energy  term, 
there  are  two  interfacial  energies  as  follows;         \ 

L  Yi- Aj  =  Aa.si/c-Si-Ya-Si/c-Si   "   Ac-Si/seed"  (  Ya-Si/seed    "  Yc-Si/soed   )  (  32  ) 

However,  there  is  no  estimation  about  the  values  of  Ya-si/c-si .  Ya-si/seed  ,  and  Yc^seed  at 
all.  We  can  only  speculate  the  trend  of  Ya-si/c-si  for  various  crystalline  Si  planes  based 
on  the  energies  of  the  Si  free  surface.  For  example,  these  values  are  Y(ioo)  =  2130 
ergs/cm^,  Y(iio)  =1510  ergs/cm^  and  Y(iii)  =  1230  ergs/cml  In  oxir  previous 
estimation,  Ya-si/c-si  is  about  300  ergs/ cm^  when  the  preferred  orientation  of  the 
grains  is  <1 1 1>.  Therefore,  we  can  consider  that  Ya-si/(iii)  =  300ergs/cm^.  If  we 
assume  that  the  trend  of  Ya-si/c-si  follow  that  of  the  free  surface  energy,  Ya-si/(i  lo)  and 
Ya-si/(ioo)  can  be  estimated  as,  368ergs/cm^  and  5 19ergs/cm^  Therefore,  the  most 
plausible  preferred  orientation  of  the  nucleus  is  <1 1 1>  without  any  seed.  This  is 
matched  with  our  results.  In  unseeded  random  crystallization,  the  preferred 
orientation  is  always  <1 1 1>  because  it  has  the  lowest  interfacial  energy.  On  the  other 
hand,  when  a  top  seed  is  used,  the  orientation  is  changed  to  <1 10>.  If  the  elastic 
energy  is  the  same  in  both  cases,  the  sum  of  the  interfacial  energy  contributions, 
lYi-Ai  should  be  a  minimum  for  a  (1 10)  plane  nucleus.  The  interfacial  energy  of  a-Si/ 
c-Si  in  (1 10),  368  erg/  cm^  is  larger  than  that  of  (1 1 1),  300  erg/  cm^  according  to 
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our  estimation.  Therefore,  in  order  to  minimize  the  sum,  the  interfacial  energy  of 
(1 10)  c-Si/  seed  should  be  smaller  than  that  of  (1 1 1)  c-Si/seed.  Therefore,  the 
difference  between  the  sum  of  the  interfacial  energy  term,  Z  Yi-Ai,  can  be  used  to 
interpret  the  preferred  orientation  in  the  given  conditions.  For  example,  when  the  top 
seed  is  (lOO)single  crystal  Si,  we  can  use  eqn.(32)  to  determine  which  plane  is  more 
energetically  favorable  between  (110)  and  (111)  for  nucleation.  If  the  critical  sizes 
of  the  nuclei  are  the  same  in  both  planes, 

AGk, (HI)  -AGk, (, ,0)  =  AS  Yi-Aj  ( 33  ) 

=  (^  Yi- Ai  )  (1 1 1)  -  (2  Yi- Ai  )  (1 10) 

^   Ag^i/o-Si-Ya-Si/dll)   +   Ac-Si/seed'   Y(lll)/<100)] 

-    [   Aa.Si/c-Si'Ya-Si/(110)   +    Ac-Si/seed*   Y(noy(100)  ] 
='Aa..Si/c-Si-(Ya-Si/<(lll)   -     Ya-Si/(1 10)  )  +  Ac..si/seed- (Y(U  iy(lOO)   "     Y(nO)/(100)  )• 

In  addition  to  the  interfacial  energies  of  a-Si/c-Si,  Ya-si/(iii) ,  and  Ya-si/(no) ,  the 
interfacial  energies  between  the  nuclei  and  the  seed  is  necessary.  The  interfacial 
energies,  Y(i  i  iy(no) ,  Y(i  ioy(ioo) ,  and  Y(i  i  iy(ioo)   vvill  be  estimated  roughly  with  the 
numbers  of  broken  bonds  at  the  interface.  Generally,  the  approximate  energy  of  a 
boundary  between  two  crystals  is  given  by 
Y  =  n-E,  +ZE2'(ai)  I  (34) 

where  n  is  the  number  of  broken  bands  at  the  boundary,  Ei  is  the  energy  of  a  broken 
Si-Si  bond,  E2  is  the  energy  of  the  distorted  bond  which  is  dependent  on  the  distortion 

I 

angle  Oj. 

For  simplicity,  the  broken  bond  energy  is  only  taken  into  accoimt  for  the  estimation. 
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Y  =  nE,  I  (35) 

El  is  the  energy  of  a  broken  bond,  which  is  the  same  as  the  value  which  was  used 
previously  for  the  estimation  of  the  free  surface  energy  by  Jaccodine  ^' ,  and  it  is 
0.98eV  per  broken  Si  bond.  The  number  of  broken  bonds  in  free  surface  of  (100), 
(110)  and  (111)  are  listed  below. 

For  ( 100),   (2/a^)  x  2  bonds  =  1 .356  E 1 5/cm^ 

I  .•.,>•■,,.■ 

(110),   (4/V2  a^)  X  1  bonds      =  0.958  E15/cm^ 

I 
(111),   (4/(V3/2) a^) X  1  bonds  =  0.782 E15/cm^ 

I 
where  a  is  the  lattice  parameter. 

When  two  different  planes  make  a  boundary,  we  assumed  that  the  broken  bonds  are 

reconnected  each  other,  and  the  remaining  broken  bonds  are  only  the  difference 

between  numbers  of  broken  bonds  of  two  planes.  Thus,  based  on  these  assumptions, 

the  numbers  of  remaining  broken  bonds  are  put  into  eqn.(  35  ).  The  calculated  values 

of  the  boundary  energies  are 

Y(ioo)/(iio)  =  625  ergs/cm^  j 

Y{iooy(iii)  =900  ergs/cm^ 

Y(iiO)/(iii)  =  276  ergs/cm^ 

In  order  to  estimate  the  differences  of  the  Gibbs  free  energy  barrier  between  (110) 

and  (1 1 1 )  planes  in  the  formation  of  the  nucleus,  the  shape  are  assumed  as  a 
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hemisphere,  and  the  previous  estimation  of  the  size  of  the  nucleus,  r*  =  ~7A,  is 

adopted.  Based  on  these  estimates  and  the  assumptions,  the  results,  AG\(ni)- 

AG*k^(i  10) ,  is  calculated  as  follows: 

AG\(,„)-AG\(„o)  =  (SYi-Ai  )(,„)  -(Syr A;  )(„o)  =  1.335  eV 

AG\(„,)  =  1.9eV  I 

The  energy  barrier  of  (1 1 1)  plane  nucleation,  AG\(,,i) ,  is  larger  than  that  of  (1 10) 

plane  nucleation .  Thus,  the  (110)  nuclei  is  expected  to  nucleate  rather  than  the  (1 1 1) 

nuclei  at  the  top  surface  of  the  amorphous  Si  thin  fihns  on  insulators  when  the  (100) 

I 
single  crystal  Si  is  used  as  the  seed.  There  is  the  other  possibility,  a  (100)  plane 

nucleus.  As  we  discussed,  the  solid  epitaxial  growth  from  the  top  seed  seems  difficult 

to  happen.  However,  still,  it  is  possible  for  the  (100)  plane  nucleus  to  nucleate  instead 

of  the  epitaxial  growth.  If  it  is  not  the  epitaxial  growth,  it  will  have  a  rotation  about 

the  seed  in  crystallography.  This  means  that  there  is  a  twist  grain  boundary  between 

the  (100)  nucleus  and  (100)  seed.  Unfortunately ,  the  energy  of  the  twist  boundary  is 

difficult  to  be  estimated  because  its  twist  angle  about  the  seed  is  not  fixed,  and  the 

energy  is  determined  by  the  twist  angle.  In  our  experiment,  the  (100)  plane  is  not  the 

preferred  plane  of  the  crystallized  Si  in  both  types  of  crystallization.  Basically,  the 

(100)  plane  has  the  largest  interfacial  energy.  Therefore,  it  might  not  be  favorable  for 

t 
nucleation  in  terms  of  energy.  If  the  plane  of  growing  crystalline  Si  is  (100)  but  it  is 

not  epitaxial  growth,  a  twist  boundary  might  exist  between  the  seed  and  the  (100) 

growing  crystalline  Si.  The  energy  of  the  twist  boundary  can  be  speculated  with  the 
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same  interfacial  energies  and  formula  as  the  previous  estimation.  There  was  no  (100) 

plane  in  the  TEM  microstructure  and  XRD  spectrum.  Therefore,  its  interfacial  energy 

term  is  larger  than  that  of  (110)  plane.  In  order  that  (100)  plane  nucleus  is  not 

nucleated  before  (1 10)  nucleation,  the  twist  boundary  energy  should  be  at  least  larger 

than  323  erg/cm  .  According  to  our  experimental  results,  the  preferred  orientation  of 

the  growing  crystalline  Si  in  the  top  seeding  induced  crystallization  is  always  <1 10> 

regardless  of  the  various  crystallographic  orientation  of  the  seed  layers.  In  other 

words,  if  (1 10)  or  (11 1)  single  crystal  Si  is  used  as  the  seed,  the  preferred  plane  of 

growing  crystalline  Si  is  (1 10),  too.  The  (100)  plane  is  the  least  favorable  in  the 

energetics  of  nucleation  based  on  the  same  estimation  method  because  it  is  the  largest 

interfacial  energy  of  a-Si/c-Si.  It  has  larger  interfacial  energies  of  (1 1 1)  or 

(1 10)  seed /  (100)  c-Si,  Y(,oo)/(ho)  =  625  ergs/cm^  and  Y(ioo)/<ni)  =  900  ergs/cm\ 

compared  to  that  of  (1 1 1)/(1 10),  Y(,uy(no)  =  276  ergs/cm^.  The  values  of  the 

interfacial  energies  of  (1 10)  and  (1 1 1)  planes  /  a-Si.  Y(„o)/.-si  =  368  ergs/cm^  and 

Y(ui)/a-si  =  300  ergs  /  cm^,  are  very  close  to  each  other  compared  to  (100)  /  a-Si, 

Y(ioo)/a-si  =519  ergs  /  cm^.  Therefore,  nuclei  which  have  both  planes,  (110)  and 

(111),  might  be  nucleated  at  the  interface  of  the  seed  and  a-Si  during  the  top  seeding 

crystallization  anneal.  However,  crystallization  is  a  combination  of  nucleation  and 

I 
growth.  In  solid  phase  epitaxial  growth  studies,  it  is  well  known  that  the  growth  rate 

of  (1 10)  is  at  least  five  times  faster  than  that  of  (1 1 1).  Even  in  (1 1 1)  growth,  the 

formation  of  microtwins  should  be  ahead  of  the  growth  of  (1 1 1)  plane.  Therefore, 
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after  nucleation,  this  big  discrepancy  in  growth  rate  mi^t  determine  the  preferred 
orientation  of  the  crystallized  Si  as  <11 0>. 


CHAPTER  6 
CONCLUSION 

In  this  study,  solid  phase  crystallization  of  amorphous  Si  has  been  investigated 

experimentally  and  theoretically.  A  new  technique  was  introduced  to  improve 

crystallinity  after  annealing  and  to  reduce  the  process  thermal  budget,  which  are 

important  factors  in  making  high  performance  TFTs  (thin  fihn  transistors  )  on  low 

melting  temperature  glass  substrates  for  LCD's  ( Liquid  Crystal  Displays  ). 

Differential  Reflectometry,  which  is  fast  and  non  -destructive.was  implemented  to 

determine  the  volume  fraction  of  crystallized  Si  after  annealing.  Based  on  the 

experimental  results  and  analysis,  it  is  concluded: 

1)  DR  (Differential  Reflectometry  )  can  be  utilized  to  determine  the  volume  fraction 
of  crystallized  Si  thin  films  on  SiOa  /  Si  substrate  tising  an  as-deposited  a-Si  film  on 
SiOj  as  reference. 

2)  The  minimum  thickness  of  the  Si  thin  films  based  on  the  DR  technique  is  300A 

3)  Classical  nucleation  and  growth  theory  can  be  used  to  analyze  the  kinetics  of  solid 
phase  crystallization  of  amorphous  Si  on  SiOa.        i 

4)The  activation  energy  for  incubation  time,  Q^,  was  found  to  be  3.97  eV  in  solid 
phase  crystallization  of  a-Si  without  a  seed.  i 

5)  The  activation  energy  for  steady  state  nucleation,  Qj^\  ,  was  foimd  to  be  5.6  eV  in 
solid  phase  crystallization  of  a-Si  without  a  seed. 
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6)  The  activation  energy  for  growth,  Qg,  was  found  to  be  3.7  eV  in  solid  phase 
crystallization  of  a-Si  without  a  seed. 

7)  The  activation  energy  for  crystallization,  Qr,  which  is  a  combination  of  nucleation 

i 

and  growth,  was  found  to  be  3.78  eV  in  solid  phase  crystallization  of  a-Si  without  a 
seed. 

8)  The  grain  growth  mode  of  crystallized  Si  particles  during  crystallization  is  2- 
dimensional    below600°C  when  the  thickness  of  a-Si  is  in  the  range  of 
300A~1000A. 

9)  As  the  crystallization  temperature  increases,  the  grain  growth  mode  changes  from 
2-dimensional  close  to  1 -dimensional. 

10)  The  grain  sizes  of  the  crystallized  Si  thin  films,  which  were  annealed  without  a 
seed  at  575~650°C,  are  less  than  2000A 

11)  The  preferred  orientation  normal  to  the  surface  of  grains  is  <1 1 1>  in  unseeded 
crystallization  of  a-Si  on  Si02  /  Si  substrate. 

12)  The  estimated  interfacial  energy  of  a-Si  /  c-Si,  y^ ,  is  -300  ergs  /  cm^ ,  which  was 
determined  based  on  activation  energies  of  the  kinetic  data  from  the  unseeded  solid 
phase  crystallization  and  thermodynamic  data. 

13)  The  size  of  the  critical  nucleus  of  c-Si  in  imseeded  solid  phase  crystallization  is 
estimated  as  the  number  of  atoms  ,k  =  34.9-37.8  atoms ,  and  the  radius,  r*  = 
6.1~7.lA. 
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14)  The  origin  of  the  unseeded  crystallization  of  a-Si  thin  films  on  insulator  is 
random  nucleation  and  growth  of  c-Si  particles  rather  than  growth  of  pre-existing 
microcrystallites. 

15)  Si  self-ion  implantation  into  amorphous  Si  thin  films  on  a  Si02  /  Si  substrate 
suppresses  not  only  unseeded  solid  phase  crystallization  but  also  top  seeding-  induced 
crystallization .  | 

16)  In  order  to  explain  the  suppression  of  both  the  top  seeding  -induced 

crystallization  and  the  unseeded  random  crystallization  doe  to  Si  implantation,  a  new 

I 
model  is  suggested  which  postulates  that  Si  implantation  causes  a  lattice  parameter 

change  after  crystallization  due  to  the  breaking  of  a-Si  bonds.  This  model  is  based  on 

a  simulation  of  the  incubation  time  delay  due  to  the  difference  of  the  lattice 

parameters. 

17)  A  new  technique  of  solid  phase  crystallization  with  top  single  crystal  Si  seeds  was 
developed. 

18)  When  single  crystalline  Si  is  used  as  a  seed  on  the  fi-ee  surface  of  a-Si  thin  films 
on  a  SiOa  /  Si  substrate,  the  crystallization  is  induced  fi-om  the  top  surface  of  the  a-Si 
films  at  a  lower  annealing  temperature  and  for  shorter  times  compared  to  the 
unseeded,  random  crystallization. 

19)  The  preferred  orientation  normal  to  the  surfece  of  the  top  seed  -  induced 
crystalline  Si  is  <1 10>. 

20)  There  is  no  evidence  of  solid  phase  epitaxial  growth  fi-om  single  crystal  Si  top 
seeds. 
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21)  The  grain  size  of  top  seeded  crystalline  Si  is  larger  than  lOjom  based  on  plan 

I 
view  TEM  measurements.  These  grain  sizes  are  much  larger  than  those  of  unseeded, 

random  crystallization,  see  #  10)  above. 

22)  The  Hall  mobility  of  top  seeded  crystalline  Si  thin  films  is  six  times  higher  than 
that  of  unseeded  polycrystalline  Si  thin  films  at  the  same  annealing  temperature. 

23)  A  surface  roughened  seed  gives  a  better  reproducibility  and  uniformity  compared 
to  a  plain  fiat  surface  seed. 

24)  The  interfacial  ener^es  of  a-Si  /  various  crystalline  planes  ,such  as  (100) ,  is 
Ya-si/(ioo)  =  519  ergs  /  cm^  (1 11),  Y,.si/(iii)  =  300  ergs  /  cm^  and  (1 10),  Ya-si/(no)  = 
368  ergs/cm^.  They  were  estimated  based  on  the  assumption  that  the  trend  is  the  same 
as  that  for  the  fi-ee  surfaces  of  Si. 

25)  The  origin  of  top-  seeded  crystalline  Si  is  proposed  to  be  a  combination  of  fi-ee 
energy  reduction,  that  results  fi-om  minimizing  the  sum  of  the  interfacial  errergy 
terms,  Syi-Aj ,  which ,  in  turn,  is  due  to  forming  the  interface  of  (h'kT)  seed  /  (hkl) 
c-Si  instead  of  the  high  energy  (h'kT)  seed  /  a-Si  and  also  the  growth  rate  of 
nucleated  (hkl)  c-Si. 
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APPENDIX  A 
DERIVATION  OF  THE  VOLUME  FRACTION  FORMULA 


As  previously  mentioned  in  the  result  chapter,  changes  of  differential 

reflectivities  due  to  crystallization  in  amorphous  Si  samples  have  been  measured 

utilizing  a  Differential  Reflectometer.  In  order  to  determine  the  volume  fraction  of 

crystallized  Si  from  the  measured  differential  reflectivity  data,  two  assumptions  are 

made.  ' 

I 

(1)  The  reflectivity  of  a  partially  crystallized  Si  layer,  Roystoifeed  si  is  assumed  to  be 

given  by  the  simple  mixing  law  as  below: 

Roystallized  Si  =1'^^  +  ^^■5t)^a-Si  (1) 

where  x  is  the  volume  fraction  of  crystallized  Si,  R      is  the  reflectivity  of  single 
crystal  Si,  and  R^^.  is  reflectivity  of  amorphous  Si. 

(2)  The  ratio  of  the  absolute  height  of  E2(  A.=280nm),  C,  for  the  crystallized  Si, 

[(AR/R)x=  280nm  loystoifced  Si ,  to  that  for  single  crystalline  Si,  [( AR/  R)  x=  280nm]c-si,  is 
assumed  to  be  approximated  as  the  ratio  of  the  relative  height  of  the  E2  maxima  with 

respect  to  the  minima  at  a  specific  wavelength  in  the  differential  reflectivity,  when 
the  reference  sample  is  the  as-deposited  a-Si . 
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[   (AR/R)x=280iim-(AR/R)minmia  loyslallized  Si  [(AR/R)x.=  280nin  Iciystallized  Si 

c= * 


[   (AR/  R)  x=  2»0™„  -  (ARy  RXn,^   ],.s.  [(AR/R)x=  280nm  ]c-Si 

[(AR/R)x=  280iim  Joystellized  Si  [(  Ra-Si  "  RcrystelKzed  Si  )  /  (Ra-Si  +  RcrystalHzed  Si  )]x=280nm 


[(AR/RK=  280nm  ]c-Si  [(  R-Si  -  RcSi  )  /  (R.^  +  R<>S.  )]x=280nm 

Let 

l/2-[  (ARy  R)  x=280nm  ]c-S.  =  [(  R.-Si  "  R  c-Si  )  /  {R.-Si  +  R  cSi  )K=2«0«„ 

=  A  =  constant 
It  leads  eqn.(2)  to  as  follows: 

A'C  ~   [(  Ra-Si  -  Royslallizsid Si  )  /  (R«-Si+  Rciystallized Si  )]x=280iini 
A-C  -[(Ra-Si  +  Rciystallized  Si  )]x=280nm  "^  [(Ra-Si  "  R«ysJallized  Si  )]x=280iBii 
(Rcrysudlized  Si/ Ra-Si  )=   (  1  -  A-C  )  /  (  1  +  A-C  ) 
R«ystallizedSi=(l-A-C)/(l+A-C)-R«^  (3) 

From  eqn.(l),  the  volume  fraction  of  the  crystallized  Si  can  be  expressed  by 

[  (  Ra-Si  /  Rc-Si  )  -  (  Raystallized  Si  /  Rc-Si  )  ] 

X= (4) 

[(Ra-S./Rc-S.)-    1] 

At  E2 ,  A.=280nm,  the  theoretical  values  of  Ra.si  and  Rc-si  can  be  calculated  from 

refractive  indexes,  n  and  k  (  n=2.974  and  k=  5.304  for  c-Si,  and  n=2.25  and  k=2.98 

for  a-Si ).  ' 

From  theses  values,  they  are 

Rc-si.x=280nm  =  [{n -I  f  +  \^ ] / [in+ \  f  +  \^  ]  =  0.73 

Ra-Si  ,X=  280nm  =   [  (  n  -1  )^  +  k'  ]  /  [  (  n  +  1  )2  +  k^  ]  =  0.27 


(2) 
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When  these  values  are  sustituted  into  eqn.(4).  The  volume  ftaction,  x,  given  as 
follows: 

X   =    [   Ra-S.   /(R«-Si-Rc-S,)]x=280nm    X    [  1  -  (  1+ 0.46C  )  /  (  1  -  0.46C  )  ] 

=  -0.587X  [1-(1+0.46C)/(1-0.46C)]  (5) 


APPENDIX  B 
DERIVATION  OF  THE  FINAL  GRAIN  SEE  FORMULA 

Final  grain  size  can  be  extrapolated  from  nucleation  rate  and  growth  rate.  If  the 

grain  shape  is  a  disc  shape  or  a  columnar  shape,  the  area  of  the  final  grain,  Ag  is 

expressed  as:  I 

i 

(1) 


Ag=lim[N,(t)] 

t-»oc 


-I 


where  Ng  is  the  density  of  grains,  which  is  the  number  of  grains  per  unit  area.  The 
density  of  grains  as  a  function  of  time  is 


N.  =  J  W(l/dHl-x(t')].dt' 

0 


(2) 


where  I^  is  the  steady  state  nucleation  rate,  d  is  the  thickness  of  the  a-Si  film,  and  x 

(t )  is  the  volume  flection  of  crystalline  Si  at  a  given  time.  In  other  words,  l-x(  t )  is 

I 
the  volume  flection  of  uncrystallized  a-Si  at  a  given  time.  x(t )  Js  given  by 

X(t)  =l-exp[-{(7i.d.LrtV)/3}-t°]  (3) 

where  Vg  is  the  growth  rate.  Eqn.  (3)  is  inserted  into  eqn.(2),  and  then  integrated. 

This  leads  to 
t 
Ag=  lim  [  J  Ist(l/d)[  exp  [  -  { ( Tidl^Vgl)  /  3  }•  t"]  ]dt' 


=  [  J  Is.(l/d)[  exp  [  -  { ( Tt-d-VVg'.)  /  3  }•  f  ]  ].dt'  ]-' 


(4) 
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Let  A  =  (7idI„V)/3 

Ag  =  [I(L,/d>exp(-At")dt]-'  (5) 

Let  Af  =  a 
Then,  differentiate  this 
nAt°"'-dt  =  da 

dt=  da/(nAt°"')  (6) 

We  can  change  as  follows: 

A-f'=  (A-t")/t=  a/t  (7) 

From  At°  =  a 

t  =  (a/Ay^  (8) 

Insert  (  8  )  into  (  7 ) 
A.t""'=  (a/A)-'^-a 

-A'^.a(°-'>^  (9) 

If  we  insert  ( 9 )  and  ( 6 )  into  eqn.  (  5  ) ,  it  is  given  by 
Ag  =  [  U  Is,/  d  )•{  1  /  ( n-A'^^-a^^-'^^  )}-exp  ( -  a  )-da  ]■' 

=  [(  n-d- A*^)  /  y .[  J  a^*''"  -'  > .  exp  ( -a  )■  da  ]' 

0 

=  [(n-dA"")/I^][r(l/n)]-' 

=  [  n.(  Ttdl^-Vg'  /  3  )'^  /  I^t-d  ]•  [  r(  1/n )  r'  ( 10  ) 

where  n  is  the  exponential  index  in  Arrami's  equation ,  Vg  is  the  growth  rate,  and 
r(l/n )  is  a  gamma  fimction.  If  the  grain  shape  is  a  disc,  the  final  grain  size,  dg ,  is 
the  diameter,  thus; 


194 


Ag=(7l/4>dg2 

From  eqn  ( 1 1 )  the  final  grain  size,  dg,  is  derived  as  follows: 

dg  =  (4-Ag/7i)''^ 

I 

=  {  (  4.n-Vg^  /  3'*  )•  [  1  /  ( Tt-I^-d )  ]^"-'  >'°  } ''^  •  [  r(  1/n )  Y^^ 


(11) 


(12) 
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